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Correction. 


With reference to Appendix 4 of Dr. A. P. Thurston’s paper on Metal 
Construction, published in the September number of the Journal, the small figure 
and lettering heading the last column of the table on page 511 should be inter- 
changed with the corresponding small figure on page 512. 
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ALUMINIUM ALLOYS FOR AEROPLANE ENGINES. 


BY PROFESSOR F. C. LEA, D.SC., M.INST.C.E. 
Introduction. 

In the early days of the war the desirability of reducing the weight of aero- 
plane engines to a minimum, consistent with reliability and efficiency, very soon 
led designers to consider the advisability of using alloys considerably lighter than 
cast iron or steel for all possible parts of aero engines. Aluminium alloy crank 
cases had been used for some years in connection with motor car engines, and 
it was natural, therefore, that such alloys should come into use for the crank 
cases of aeroplane engines. Alloys of aluminium suitable for this purpose can 
be made, having a specific gravity not more than three, and having an ultimate 
breaking strength very nearly equal to that of cast iron. It was only necessary, 
therefore, to overcome foundry dilfliculties in order that such alloys should be 
generally used. The light alloys have a distinct advantage over the heavier cast 
iron for such purposes as crank cases, in that for anything like the same weight 
the crank case can be made much thicker and consequently more rigid,* and less 
liable to local damage. The mean modulus of elasticity of cast iron is, however, 
greater than that of aluminium, at least one and a half times as great, and the 
rigidity of aluminium under elastic stresses is less, therefore, than cast iron for 
the same range of stress. The necessity, however, from the point of view of the 
foundry, of not making castings too thin, and also that they shall be sufficiently 
rigid, means that in any case the range of stress cannot as a rule be very great, 
and allovs having a high ultimate stress cannot, from this point of view, be 
economically used; thus, alloys having a tensile strength, when cast in the sand, 
of from 8 to 12 tons per inch have generally been found satisfactory. A note of 
warning is required here, as it is very doubtful whether in such alloys tensile 
strength is altogether a satisfactory criterion of their suitability for certain 
purposes ; it wili be seen later that the total stress range under repetition stresses 
is not more than half the ultimate tensile strength of these alloys. One alloy may 
conceivably have a higher tensile strength than another and yet its elastic range, 
or again its resistance to repetition stresses, may not be any better than an alloy 
of lower tensile strength. Alloys of aluminium ‘containing from 2 to 3 per cent. 
of copper and, say, 30 per cent. of zinc can be made, having an ultimate breaking 
strength of nearly 20 tons per sq. inch, but such an alloy has a specific gravity well 
over three, is very brittle, and in the foundry and machine shop would be likely to 
prove difficult to manipulate. In ordinary crank case work, bosses and bearings, 
and the difficulties of running limit the thinness of the casting, and in the machine 
shop thin brittle castings, especially when they have to be drilled and tapped, are 
difficult to handle. Allovs having from 2 to 3 per cent. of copper and from to to 14 
per cent. of zinc are easy to make, they have a density less than three, and have been 
found to give fairly good results both in the foundry and machine shop. During 
this last three years an alloy known as L5, first made by Dr. Rosenhain, con- 
taining from 12 to 14 per cent. of Zn and 24 to 3 per cent. Cu, has been largely 
used, and experience has shown that with reasonable care good castings can be 
produced and the machine shop scrap need not be very high. Alloys having: higher 
percentage of zinc and less copper have been used, but considerable difficulty has 
been experienced by cracks developing during the machine operations. The L5 
alloy is not by any means perfect, but it has a reasonable tensile strength and 
elongation per cent., and it is not difficult to make in the foundry. The alloy, in 
addition to being used for crank cases, has been found suitable for many of the 
smaller parts of engines that can suitably be made in an aluminium alloy, such as 


* Rigidity is here used in a rather loose sense. The periodicity of two elements of a machine 
of similar form would be inversely proportional to the square root of the modulus of elasticity. 
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induction ‘pipes, carburettors and centrifugal pumps. It is very doubtful whether 
it is the best alloy to be used when non-porosity for gases or liquids is required ; 
by using suitable dopes such castings have, however, been made quite impervious 
to fluids. 

The success gained by using aluminium alloys for crank cases, etc., sug- 
gested the desirability of using them for pistons and cylinders, and for such 
purposes the alloys have certain excellent qualities. It is well known that the 
efficiency of the four-stroke cycle internal combustion engine is theoretically 
proportional to the compression ratio. In an aeroplane engine it is also desirable 
that the power per unit volume shall be as large as possible. To obtain high 
efficiency and large power per unit volume, while at the same time avoiding pre- 
ignition, the piston and cylinder should be of a good conductor and so designed 
that heat can be effectively transmitted through the cylinder walls to the cooling 
fluid, whether air or water. Experience seems to show that the heat taken away 
by the cooling fluid is about equal to the effective work done; 7.e., if 25 to 30 per 
cent. of the heat of combustion is obtained at the brake, a nearly equal amount will 
be carried away in the cooling system. Now an aluminium alloy may have a con- 
ductivity coefficient more than three times that of cast iron, and in the case of the 
piston the possibility of making the walls thicker, for the same weight as the cast 
iron piston, makes it probable for a double reason that an aluminium piston will 
run much cooler than a cast iron piston and, therefore, makes possible higher 
compression ratios. 


The advantages to be obtained from using aluminium cylinders are, however, 
not quite so obvious. The flow of heat through any body is proportional to the 
difference of temperature between the hot and cold surface, is inversely propor- 
tional to the distance between the hot and cold surface and directly proportional 
to the conductivity. 

Let two cylinders of cast iron and aluminium respectively be made the same 
weight and similar in form. Assume the same quantity of heat to flow through 
them. Let p and p, be the densities of the metals, k and k, the conductivities 
and t and t, the mean thicknesses of the surfaces of the cylinder through which 
heat escapes to the cooling fluid. Then since the weights are the same 


pt, 


Pi t 
Let T and T, be the temperature of the hot wall of the cast iron and aluminium 
cylinders respectively and T, the temperature of the cold wa'l in each case, then 
Ct (T — T,) kt, 
the heat flow through 
Al H, (T,—T.) tk, 


Assume T equal to T,, 


H kt, kp 
then — = — = — 
kip, 
k p a. 
— may be taken as 3, and — = 2.7; then — = 1.25. 
1 Pi H 


For the same weight of cylinder it might be expected that there would be a 
gain, therefore, by using aluminium instead of steel or cast iron. By further 
reducing the weight, and thus the thickness, a greater gain could be made. If 
the wall of the aluminium could be made the same thickness as the plain steel or 
cast iron cylinder the heat carried away for the same temperature difference would 
be much greater, or, for the same heat carried away, the aluminium cylinder would 
be the cooler. The fact, however, that the aluminium cylinder cannot be made 
as thin as a steel cylinder, and that a liner must be put into the aluminium 


_ 
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cylinder, would appear to make it doubtful whether the aluminium cylinder has, 
from the point of view of conductivity of heat to the cooling fluid, any advaniage 
over the cast iron or steel cylinders. What then is to be gained by using 
aluminium cylinders? Probably the greatest gain is what might be called an 
indirect advantage, in that an aluminium cylinder having, for the same weight, 
thicker walls, especially in the neighbourhood of the exhaust parts, and a much 
better conductivity than a cast iron or steel cylinder, tends to keep a more uniform 
temperature than the iron or steel cylinder, or in other words there is less 
tendency for local overheating ; if a cylinder can be kept uniform in temperature 
at, say, 200° C. it is less likely to give trouble from the point of backfiring and 
distortions than another cylinder having the same mean temperature, but in which 
there is a considerable range of temperature. For water cooled engines steel 
cylinders, directly in contact with the water in the jacket, provided these can be 
made stiff enough, with a high conducting alloy for the cylinder head would 
appear to be the ideal combination. 


Aluminium Cylinders. 

Air cooled and water cooled cylinders have been made in aluminium alloys. 
At the R.A.E. very complete tests were carried out on cylinders 100 m.m. 
diameter by 140 m.m. stroke and cylinders 114 m.m. diameter by 140 m.m. 


stroke. The alloy generally used was copper 7%, zinc 1%, tin 1%, aluminium 
o1%: The cylinders were fitted with steel open-ended liners so that the hot 


gases came into contact with the aluminium alloy at the top of the combustion 
space. The general design of these cylinders is shown in Figure 1. It will be 
seen that considerable care has been taken to cool the exhaust ports effectively ; 


i i = SESS 
{ For True Suave Toe 
Fig. 1. 
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this is important as too great care cannot be taken to insure sufficient cooling near 
the valve ports. Overheating is bound to lead to cracking across the port and the 
cooling surface must be sufficient to keep the temperature well below 300° C. 
In the case of another experimental engine not tested at the R.A.E., in which the 
temperature reached 320° C, in the neighbourhood of the exhaust port, the cvlinders 
always cracked after a few hours run. The total area of the cooling surfaces of 
these R.A.E. cylinders is as follows :— 


Cylinder. Surface, sq. ft. Pitch of fins. 
100 X 140 m.m. aluminium cylinder -. 6.44 12 m.m. 
114X140 m.m. 9 m.m. 
100 X 140 m.m. Cast iron 5 a 8 m.m. 


Tests were carried out on the 100 m.m.x 140 m.m. cylinder at speeds of 
1,400, 1,000 and 1,800 r.p.m. The velocity of the cooling air at a point 6in. 
ahead of the centre of the cylinder was 64 miles per hour. Pitot tube measure- 
ments showed that this gave the same mean velocity for the whole cooling 
surface as a parallel air current of 58 miles per hour. The air temperature was 
approximately 60° Fahrenheit. 

The thermal efficiency of the engine was never less than 25%, and the 
efficiency ratio as compared with the air cycle was 58%. At a speed of 1,800 
r.p.m., compression ratio 4.6, and at maximum load mixture, the petrol con- 
sumption was .575 pints per break horse power hour, and .530 pints with the 
weak mixture. In a cast iron evlinder running at 1,800 r.p.m. the petrol consump- 
tion was .770 pints per break horse power hour. 

The maximum temperature recorded in the aluminium cylinder was 175° and 
the minimum temperature 129°. The maximum liner temperature was 144°. In 
the cast iron cylinder the maximum temperature recorded was 268° and_ the 
minimum temperature 171°. It will be seen, therefore, that the tests fully 
justified the substitution of the aluminium air cooled cylinder for the cast iron 
cylinder, and at one time it was intended to manufacture on a large scale the 
R.A.E. engine with aluminium cylinders, but, presumably, the demands from 
squadrons for higher power engines led to the abandonment of the R.A.E. 
aluminium cylinder engine; in this engine each cylinder was an independent unit. 

In the Bentley rotary engines, B.R.1 and B.R.2, cylinders as independent 
units were also used, and into each of these a steel liner was fitted. The cylinder 
barrels were oast in chills in an alloy containing 12% copper. As cast the 
evlinders were plain barrels, as shown in Figure 2. The finished cylinders are 


Fig. 2. lig. 


w 


shown in Figure 3; all the ribs are turned in the lathe; the necessity for perfect 
balance in a rotary engine made this desirable. In this engine a cast steel valve 
head was bolted to the crank case by long bolts running parallel to the axis of 


| 2 
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the cylinder. Experience showed that it was desirable and possible to make the 
joint between the valve head and the cylinder without packing, and the hot gases 


in the cylinder did not, therefore, come in contact with the aluminium alloy. 


| 


—WOLSELEY CYLINDER JACKET» 


Water Cooled Engines. 


Four types of engines having water cooled aluminium cylinders have been 


used on a large scale :— 

(1) The Hispano Suiza Engine, 
(2) The B.H.P. Puma Engine, 

(3) The Sunbeam Arab Engine, 

(4) The Sunbeam Maori Engine. 


The Hispano Suiza Iingine.—This is an eight-cylinder Vee engine, the 
cylinder blocks on each side of the engine having four cylinders in each block. 


A cross section of the aluminium water jacket is shown in Figure 4. 


Into each 


of the barrels is screwed a steel liner, closed at the top end except for the holes 
forming the valve seats. The products of combustion, therefore, do not come 
in contact with the aluminium. The liners are screwed into the jackets at the 
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ordinary temperatures, and contact between the liner and the aluminium, there- 
fore, depends entirely upon the accuracy of the machining. It is probable that 
certain troubles, to which we shall refer later, that have been met with in connec- 
tion with this engine are to a certain extent due to this method of procedure. 


Figure 5 shows a transverse section of the jacket. Figure 6 is a photograph 
5 5 


Fig. 6. Showing Hispano engine aluminium cylinders sectioned so as to show 
water jackets and ports. 


showing the jacket cut through. Figure 7 shows an outside view of the jacket. 
Figures 8 to 13 show the cores and the moulding boxes for the Hispano jacket. 
Figure 14 shows the mould being poured. It will be seen that the mould is built 
up in two boxes, these boxes being turned on end for pouring the mould; the 


tops of the barrels have large risers and two pots are used for pouring the mould. 
Figure 15 shows a general view of the engine. The Hispano jackets are made 
of an alloy containing 8% copper, 6% zinc, 86% aluminium; they required doping 
to make them watertight and the percentage of foundry scrap was considerable ; 
otherwise the alloy was satisfactory and proved strong enough under working 
conditions 
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The B.H.P. Puma Engine. *—The Puma engine is a vertical six-cylinder 
engine with the cylinders in two blocks of three, called right and left. A steel 


liner is screwed into each barrel of the aluminium cylinder head, the water 
jacket being completed by a simple aluminium jacket bolted to the colaies 
head by 42, fin. diameter bolts. A stuffing box is formed at the bottom of this 
jacket by means of a rubber ring and ; 1 brass ring screwed on to the liner. It 
was originally intended to make the adie head and jacket in one piece 
but principally because of foundry difficulties this was abandoned. Figure 
16 shows the three-cylinder block without the liners and Figure 17 the 
boxes for moulding the jacket with the cores in position. Difficulty was ex yer i- 
enced in the early days of this engine in obtaining sound and w:z atertight fe: 
and various methods of doping were tried without very great success until the 
writer suggested the use of sodium silicate. Considerable trouble was also 
experienced with the cylinder blocks cracking when in service, and in some cases 
it was thought that the cracking commenced between the valve seats. After 


careful examination we, however, formed the opinion that the cracking commenced, 
if not in all, in the majority of cases at the outer end of the screwed portion of the 
jacket, Fig. 16. As referred to in detail later, the diameter of the screwed portion 
of the jacket was made smaller than the liner and the liner was inserted while the 
jacket was hot. The final hydraulic test of the cylinder block was generally 
made after the loose jacket had been put into position, and the packing gland 
screwed home. Under these circumstances it was difficult, if not impossible, to 
discover any small leaks that occurred between the liner and the cylinder head, 
and thus small cracks that mav have occurred when the liner was inserted into 
the cylinder head were overlooked. When the glands were loosened and the 
jacket raised during the final internal hydraulic test it was found in a number of 
cases that there were small cracks at the end of the screwed portion of the cylinder 
head. Such cracks had very probably occurred in other cylinders that hi id gone 
into commission, which cr icks developed until they had traversed the whole 
length of the barrel and right across the cylinder head. I had not the oppor- 
tunity of seeing all the cylinders that did crack, but in a considerable numbe: 

that I examined, in nearly ‘all cases it seemed clear that the cracks had commenced 
at the open end of the aluminium barrel. Certain it was that cylinders having 
cracks in nearly all stages of development, very short cracks at the open end, 
cracks extending half way down the barrel, cracks extending from top to bottom 


* Owing to printing difficulties, drawings of this engine had to be omitted from ‘the text. 
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of the barrel and cracks extending from the top of the barrel right across the 
valve seats were found. In only a few cases were the cracks found across the 
valve seats only. The possibility, however, of the cracks having developed at the 
valve seats led to a careful inquiry as to the amount of expansion of the phosphor 
bronze or manganese bronze valve seats which could safely be allowed, and very 
great care was exercised to limit the amount of expansion. In order that it could 
not exceed a specified amount Messrs. Weirs used a special tool, shown in 
Figure 18, which not only expanded the seat, but which also by pressure burred 
over the aluminium at the outer edge of the brass valve seat. 


4 

» | 


18. 


It may not be out of place here to refer to the importance of very careful 
consideration being given, in the design of the heads of combustion spaces, to 
see that when the valve seats are inserted the metal round the seat should not be 
below the edge of the seat, and it should not project too much to prevent it being 
effectively caulked on to the valve seat. In this connection the Puma engine 
had, I think, one distinct advantage over the Sunbeam engine, in that since the 
combustion space head was machined, and the caulking allowance was much more 
under control, very much less hand work was required. 

The lower end of each of the steel liners of the Puma engine has a stiff flange ; 
stiff clamps, which rest on the flanges, are bolted to the crank case and hold the 
evlinder blocks in position. This has a distinct advantage over the Sunbeam 
method of attachment, inasmuch as local variable stresses on the foot of the 
cylinders, which may be considerable, are taken by steel and not by aluminium. 
Later some figures are given of the fatigue ranges of stress of aluminium alloys. 
Experience with the Sunbeam Arab engine and with other aluminium cylinders 
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shows that, especially with somewhat brittle alloys, there is considerable risk of 
the feet of the cylinder blocks breaking off after a certain period of running ; 
the cracking is more likely to occur if the crank case has not considerable stiffness. 
Experiments, which were carried out on the Sunbeam and Hispano Suiza crank 
cases, showed that under torsional couples the Sunbeam crank case was very 
much less stiff than the Hispano Suiza crank case, and it seems more than probable 
that the lack of rigidity may have contributed to the failure. This view seems 
to be supported by the fact that in addition to trouble with cracked feet there 
was considerable trouble with the oil well of the Sunbeam engine cracking near 
to the gear wheel housing, and it was near to the housing that the cylinder blocks 


generally cracked. As originally designed, Figure 19, the Sunbeam oil well, 


was apparently insufficiently stiff, and an attempt was made to stiffen it at the 
section just behind the gear housing. A further deepening of the well would, 
I think, have been an improvement, but without considerable alterations in other 
respects this was found impossible. 


In this connection it is of interest to refer to a simple elementary point, 
which is unfortunately sometimes overlooked by designers. In a geared engine 
the torque on the crank case can be very much more than the torque on the 
crank shaft or on the propeller shaft. 

Let T be the crank shaft torque. The pressure P, Fig. 20, between the 
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teeth of the crank shaft pinion of radius r and the propeller shaft pinion of radius 


R will be 


T 
The torque on the propeller shaft is 
7, 


The reaction at the crank shaft pinion bearing and also at the propeller 
shaft bearing will be P. The couple formed by this reaction is P (R +7). 


Couple on crank case R+r 


Couple on crank shaft r 
If the gearing is 3 to 5 the crank case couple = 8/3 crank shaft couple. 
The weakest section is just behind the gear case and it was here, both with 
the cylinders and the oil well that trouble was experienced in the Arab engine. 
The Sunbeam Arab Engine.—The Sunbeam Arab engine is an eight-cylinder 
Vee engine, with the four cylinders and jackets on each side of the Vee cast in 


SUNBEAM 
ARAB ENGINE 


one block, Figure 21. A steel liner, open at both ends, is inserted in each barrel ; 
the inner end of the liner finishes at some distance from the crown of the barrel 
and the lower end of the liner is finished flush with the end of the barrel. 
Figures 22 to 26 show views of the cores and the moulding boxes; Figure 27 shows 
the finished block when first taken from the mould. The large headers on the 
cylinder barrels can be clearly seen. Figure 28 shows the cylinder block after 
dressing. As already remarked, in the early days of this engine, trouble was 
experienced with the feet of the cylinder blocks cracking, particularly near to the 
bearing housing, and the liner was therefore flanged as shown in Figure 29, in the 
hope that the flange of the liner would assist in taking the stresses. I think, 
perhaps, this experiment was not as successful as it might have been if a little 
more care had been taken to see that the flange of the liner was in actual contact 
with the aluminium, but even if the steel were in contact with the aluminium the 
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Fig. 28. 


effect of the steel ange would be very small unless the thickness of the steel was 
very nearly equal to that of the aluminium. 

Let it be assumed that a force P, Figure 29, is acting on a boss at a distance 
from a vertical rectangular section ABCD on XX. Then if the boss and the plate 
bend together, the deflection at the end of the cantilever of length 2 must be the 


P x 


same in the steel and aluminium. Let P, be the load taken by the aluminium and 
P, that taken by the steel. Then :— 

and if the steel and aluminium deflect together 

Px Pas 
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1, being the moment of inertia of ABCD and I, of EDCF, while E, and E, are 
the moduli of elasticity of the aluminium and steel respectively. 


Therefore, 
Now 
-- = atout 


Then: 
and if T, = 10t 
= 333 P. 


So that the aluminium must carry nearly all the load unless made much thinner 
than in the Sunbeam engine, or if the flange of the liner is to give any material 
assistance it must be made thicker than it was made in the Sunbeam engine. 

The Sunbeam Maori Engine is very similar to the Sunbeam Arab, except 
that the cylinder block has three instead of four cylinders. 


Liners in Aluminium Cylinders. 


As already stated, liners in cast iron and mild steel have been used with 
success in aluminium cylinders, and at the R.A.E. a phosphor bronze liner was 
tested and found to be satisfactory. Attempts have also been made to deposit 
liners electrically in aluminium cylinders. Further research is, however, required 
in this direction. 

Incidentally, it is of interest to note that an engine with an aluminium alloy 
cylinder has been run without a liner, for some hours, quite successfully. Alloys 
have not, however, been developed that could confidently be used without liners 
under every-day working conditions. One reason is, I think, that the alloys of 
aluminium have a high coefficient of friction and, when used as bearings, only 
comparatively small bearing loads can be allowed without risk of seizure. 

In the B.H.P. Puma engine and in the Hispano Suiza engine, the liners are 
screwed into the cylinder. In the Sunbeam Arab engine and Bentley rotary 
engine, and in the air cooled engine (Fig. 1) that was put forward by the R.A.E. 
and which successfully passed its tests, the liners are plain cylinders. In all 
these cases, except the Hispano Suiza, the liners are made larger in diameter 
than the evlinder, or are given what is called negative clearance, and the aluminium 
cylinder is heated to a sufficiently high temperature to allow the liner to be easily 
screwed or dropped into the cylinder. The amount of negative clearance that 
should be given is very important from two points of view :— 

1. The negative clearance should, if possible, be sufficiently large, so that 
when the cylinder becomes hot the cylinder shall remain in contact with 
the aluminium without becoming overheated. 

2. On the other hand, if the negative clearance is made too large, thére is a 
considerable risk of cracking the aluminium cylinders when they are 
shrunk on to the liners. 
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In this connection it should not be overlooked that when a hot body such 
as the aluminium cylinder shrinks on to the cold liner thermal stresses of rather 
unknown quantity, but which may be by no means negligible, may be set up. 

Before passing on to consider in detail what negative clearances are desirable 
when the liners are put in, it mav be desirable to consider briefly the probable 
temperatures that cylinder walls will reach under working conditions. Dr. Gibson 
has carried out a very considerable number of tests to determine the temperatures 
reached in the walls of a cylinder. For example :— 

Air cooled single cylinder engines having 100 m.m. diameter bore and a 
stroke on 140 m.m. were run at 1,800 revolutions per minute in a 60 miles wind. 

Cylinders of 

(A) Aluminium alloys containing 
(1) 7% copper. 
tin: 
1% zinc. 
(2) 9% copper. 
2% nickel. 
(B) Cast iron 

were tested. The aluminium alloy cylinders were fitted with steel liners. The 
compression ratio was 4.7 in all cases; the maximum M.E.P. of r1i5lbs. per sq. 
inch was obtained from the cylinders 1 and 2. The petrol consumption in case 2 
was 6% higher than in case 1. At present we are not concerned with the 6% 
excess of petrol consumption, as that may or may not have been due to the change 
in the alloy. The mean temperature of the barrel of both aluminium cylinders 
was about the same, but the maximum temperature of 2 was greater than the 
maximum of 1, while the minimum temperature of 2 was less than the minimum 
temperature of 1. The temperature of the liner was in parts as much as 26° C, 
hotter than the cylinder. The maximum temperature recorded was 233° C. 
on the leeward side of the cvlinder near the top of the combustion space. The 
maximum difference of temperature between the front and back of the cvlinder 
was, in a number of tests, not greater than 63° C., and the maximum difference 
between top and bottom of the cylinder was 68° C. 


From tests on the water cooled Hispano Suiza engine Dr. Gibson has also 
shown that in one cylinder during the test, two plugs being used, the temperature 
of the liner rin. below the upper surface of the piston was as high as 241° C., 
and at 3.3in. below the upper surface of the piston 191°. In another test, using 
one plug, the temperature of these points was 172° C. and 137° C. respectively. 
In another cylinder the same plug was used, and the corresponding temperatures 
were 182° C. and 138° C. and 144° C. and 114° C. respectively. When we come 
to the question of the burning of pistons it will be seen that there is prima facie 
evidence that even higher temperatures than those recorded by Dr. Gibson are 
probable. 

Incidentally, it is of interest to note that in the hottest cylinder the difference 
of temperature between the cooling water and some parts of the liner was 180° C. 

The difference of temperature between the cylinder and the liner is undoubtedly 
very largely affected by the slackness or tightness of the liner, and on the accuracy 
of the workmanship. Slight eccentricities or lack of parallelism of the two may 
make considerable differences. If the liner is put into the cylinder with too 
small a negative clearance it will heat up under working conditions until it comes 
into contact with the cylinder, or else it will expand until the amount of contact, 
or the air gap, is just sufficient to transfer the heat across with a certain difference 
of temperature. It seems probable that in the case of the Hispano Suiza engine, 
in which the liners were screwed into the cold jackets, the liner was much hotter 
than in the R.A.E. or the Sunbeam engine, and may have been a contributory, 
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if not the main, cause of the trouble due to burnt pistons experienced at one time 
in connection with this engine. 

Assuming the liner and the aluminium to be just in contact at 15° C., and 
also to be just in contact when the aluminium is heated through 150° C., or is 
at a mean temperature of 165° C., then, neglecting the stresses due to internal gas 
pressure, the mean temperature t of the liner would require to be higher than 
that of the aluminium. The expansion of the aluminium will be 26 x 10~* x 150d, 
and of the steel 10x 10~°x(t—15)d. For contact these must be equal, and 
thus t equals 390° C. If, however, there were perfect metallic contact between 
the liner and the aluminium it would hardly be possible for this condition to exist, 
and probably what would take place, therefore, would be that the liner would 
expand in relation to the aluminium to give such metallic contact, or leave such 
an air gap, as would allow a steep heat gradient between the liner and the 
evlinder wall. If now the liner is put into the cylinder with negative clearance 
the difference of temperature between the liner and aluminium can be very con- 
siderably reduced. 

Let d be the outside diameter of the liner when at 15° C., and d, the internal 
diameter of the aluminium cylinder. The negative clearance c is then d—d,. 
Let E be the modulus of elasticity of steel and FE, that of the aluminium. Let 
it be supposed that the liner and the aluminium are to be at 150° C. when under 
working conditions, except that stresses due to gas pressures are neglected. 
When the liner is inserted the aluminium jacket will have to be heated to some 
temperature to allow the liner to drop into the cylinder. When the jacket cools 
it will contract and will be stressed in tension while the liner will be in compression. 
Let the compressive stress in the liner when cold be p tons per sq. inch. Let 
t be the thickness of the liner and J of the aluminium, then the stress in the 
aluminium is 


pt 
= 
The diameter of the liner when cold will be approximately 
pd 
d —— . . (1) 


fd, 


d, +— (2) 
E, 
equating (1) and (2) 
fd, pd 
—+—=d—d.,. 
E, 
E 
let -- = m, then since d and d, are nearly equal, 
E, 
d—d, E,mT 
f= : 
d mt + T 
Let — = 4 
t 


E, = 4,500 tons per sq. inch and m = 3. 
Then assuming Hookes’ law to hold, f=3.3 tons per sq. inch. This would 
probably be higher than the elastic limit of the alloy, in which case the actual 


and the diameter of the aluminium cylinder will be approximately 
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stress produced would be slightly less than 3.3 tons per sq. inch; on contraction 
a small permanent set may be given to the aluminium cylinder. Lieutenant-Colonel 
Jenkin has treated this subject at greater length in an interesting paper com- 
municated to the Light Alloys Sub-Committee. 

A number of cylinders have been found cracked after the liners were inserted; 
it has not been easy, however, to trace the exact cause of the cracking. Contrac- 


lig. 30. 


tion stresses, unequal stresses on cooling, and thermal stresses are, no doubt, 
important, and in some cases foundry defects develop or are discovered after the 
liners are inserted and the shrinking on may be blamed; hard cores particularly 
have no doubt been responsible for cracked cylinder barrels. Unequal thicknesses 
and walls being too thin have also probably had something to do with the 
cracking, but. it would appear from the above calculation that if the walls of the 
cylinder are less than three times the thickness of. the liner considerable stresses 
may be set up. The stress is also proportional to the negative clearance, and 
this should not be much more than 1/5o0oth of the diameter of the cylinder; 
the jacket should then be heated to 120° C. or more to allow the cold liner to 
drop in easily. Care should be taken in inserting the liners that the cylinders 


Fig. 31. Fig. 32. 


are not exposed to cold draughts, which cause unequal cooling and risk of fracture. 
Messrs. Siddeley Deasy and Messrs. G. and J. Weir adopted a special furnace, 
the cover of which could be easily removed, and the liners could be inserted in 
the jackets without removing the jackets from the furnace. 


The very different coefficient of expansion of aluminium and steel or cast iron 
sometimes makes it necessary, when the cylinder and the liner have become cold, 
to force home the liner by hydraulic or other pressure. For example, in the 
B.R.2 engine the liner has a flange at the upper end on which the valve port 
head makes a metallic joint. When the cylinder cools, after inserting the liner, 
due to the relative contraction, a gap is left between the flange and the aluminium, 
and pressure is thus required to force home the liner. In such cases the maximum 
pressure should be carefully controlled. 
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Aluminium Pistons. 


A very considerable number of types of aluminium pistons have been 
developed. Typical examples of these are shown in Figures 30 to 35; some of 
the pistons shown in Figure 32 have been cut and one piston is shown which was 
burnt in the engine. On comparing the pistons in Figure 32 it will be seen that 
in most of them the gudgeon pin bosses are carried on the skirt of the piston, the 
exception in this figure being the B.R.1 piston, which has its gudgeon pin bosses 


carried direct from the crown. In Figure 34 is shown the Dragon Fly piston, 
which again has its bosses carried on ribs directly attached to the crown. The 
Hispano Suiza piston, as shown at the top of Figure 32, is an example of a heavily 
ribbed piston. It is generally claimed that ribs assist in the cooling of the piston 
by transmitting heat to the air in the crank case. The heat balance sheet of 
an engine, however, shows that the total amount of heat carried away to the 
crank case is comparatively small, and, therefore, if the ribs are effective from the 
point of view of conducting heat from the crown to the skirt they are not effective 
in conveying heat from the crown to the air in the crank case. Ribs may be 
required to strengthen the crown of the piston, especially in pistons of greater 
diameter than 4in., but it is very doubtful whether a large number of ribs, such 


Fig. 35. 
as are used in the Hispano piston, are of any value; one, must, however, have an 
open mind upon this question ; ribs certainly add to the difficulty of casting. The 
original sand cast pistons of the Sunbeam .\rab engine had six ribs; by making 
four ribs instead of six, Fig. 31, it was found possible to cast these pistons easily 
in the die, and running tests showed that the four-rib piston had no disadvantages 
as compared with the six-rib. 

For pistons up to 4in. diameter a ribless piston with a dome-like crown 
thickened towards the skirt and with a good fillet where the crown and skirt join 
is all that is required, and even for larger diameters it seems more than probable 
that .such a construction would prove satisfactory. Experiments at the R.A.E. 
have shown that such a piston runs cooler than a piston of the same weight with 
ribs. 
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TABLE 1. 
GROWTH OF ALUMINIUM PISTONS. 
ZZ Composition Growth 
2 14% Cu A 0047 22/25 » ( A—.0049 2.; | —.ooo1 
(62 25°34 B  .0033 { B—.0022 =< —.0003 
Sand Cast | 9S 3% \ C .0018 2% C — .0029 + .0000 
heated. cit (D  .0035, ( A—.0030/= | — -0002 
 .0033 28/23) 5 B—.0033/ —.ooo1 
22 .0038 5 \ C — .0032| 5 = | — .o002 
| 
5 12% Cu ~ (A 0076 ~ ( A—.0007 + .0016 
4 B—.003 4 B—.0027 .0O12 
Chill Cast | C — .0033 | C —.oo12 + .0006 
prev. heated) do. do. do. | do. do. 
to C. | D  .oo10 ( A—.oo008 + .0004 
for five 5 4 E—.oo02 4 B—.oo12 + .0003 
hours. & | F — .o001 O | C — .oo12 + .0007 
9 12% Cu » (A .0041 A—.oo01 — .0005 
2% Sn = 1 B—.o013 ‘3 4 B—.oo02 — .0006 
1% Mn | C — .oo18 20003 — .0003 
Chill Cast | do. do. do. do. do. 
not prev. <(D_ .ooro £ .0005 — .0013 
heatec, 5 E .0006 5 .0006 — .0012 
.006 — .0012 
15 14% Cu = (A .0035 x ( A—.o004 — .0005 
1% Mn B—.oo1v -2 4 B—.oo004 — .0006 
| Chill Cast C — .0018 C — .0002 — .0007 
prev. heated do. do. _ do. do. | _ do. 
to 410°C. = .o004 { A — .0002 — .0006 
for five .cooo £ B—.ooo1 — .0009 
hours. ~ | F | C + .o001 — .0010 
| | 
22 14% Cu | A .0028 | .0000 
1% Mn | 24 B_ .0008 | — -0002 
Spec.Chilled \ C | — .0002 
| not prev, do. | co. do. 
| heated. | (A .0026 — .0005 
4B .0023 — .0003 
.0024 | — .0007 
| | 
The diameters A and D were taken in the line of the gudgeon pin. The 
diameters B and C were at 60 degrees to this line. The results indicate that the 
. 5 ~ . 
positive growth cannot be serious, and that after the first growth distortions. may 
take place. If these are removed the pistons can be heated for further periods 
without distortion or growth. 
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The Negative Clearance to be Given to Aluminium Pistons. 

Experience has shown that when aluminium pistons are required to work in 
cast iron or steel liners a comparatively large clearance is required between the 
piston and the liner when cold. The reason for this was not at first sufficiently 
clearly recognised, and when seizures took place they were not infrequently 
wrongly said to be due to growth in the aluminium. Growth does take place to 
a small extent in aluminium when it is heated to a temperature of 260° or more, 
but the possible growth is small as compared with probable relative expansion 
that may take place between the piston and the liner. There seems no doubt 
that the large coefficient of expansion of aluminium alloys as compared with that 
of steel and cast iron, and also the possibility of distortion at high temperatures 
are of greater importance than actual growth. It will be seen later that the 
possible relative expansion of a piston 120 m.m. diameter (4.7in.) may be as large 
as 20 mils, whereas the growth of such a piston is never likely to be more than 
5 mils, and may be much less. 

By annealing pistons made of various alloys at temperatures varying from 
200° C. to 410° C., for varying periods of time, we found that the growth of a 
4in. piston never exceeded 3.2 mils. When annealed at 410° C. the pistons 
distorted considerably more than they grew, the maximum distortion recorded 
being 16 mils. 


Experiments at the R.A.E. showed that under running conditions the growth 
of a gin. diameter R.A.E. piston ceased after 30 hours running, and in a piston 
made of alloy containing 7% copper, 1°94 tin and 1% zinc, the growth after 4o 
hours was only .oo2in. 


Another piston containing 14% copper and 1% manganese grew .0044in. in 
55 hours. 

Table 1 shows results of a series of test measurements taken from a number 
of R.A.E. pistons, 4 inches diameter. These were carefully measured, 
heated at 340° to 360° C., measured, then heated again, and so on. It will be 
seen that even at this rather high temperature, growths and distortions are very 
small indeed after the third heating. 

Dr. Shakespeare, at Birmingham, very elegantly showed how the coefficient 
of expansion of aluminium alloys changes with temperature, and also showed 
that if the alloy is annealed at 260° C. for about four hours it grows rapidly for 
the first two hours, but after four hours thd growth is very small indeed. If 
curves are plotted showing growth with time the curve becomes nearly parallel 
to the axis of time after about five hours heating. The mean coefficient of 
expansion for the aluminium alloys is of the order of 26x 10~—°. It may, there- 
fore, be definitely taken as proved that distortion is likely to be more important 
than growth in causing seizing, but the most important factor of all is probably 
the relative expansion of the piston and the liner, which may be as great as from 
4 to 6/1,o0oths per inch diameter. 

Dr. Gibson has found that the maximum recorded temperature in a piston 
100 m.m. diameter, having a stroke of 140 m.m., in an air cooled engine, 
measured within ten seconds of shutting off the petrol supply, was 240° C., while 
the liner was at a mean temperature of 145° C. 

In the tests of a Hispano Suiza engine much higher temperatures of the liner 
were reached and the difference of temperature between the pistons and parts 
of the liner was in a certain case as much as 85° C. It would appear, therefore, 
that the difference of temperature between the piston and some parts of the liner 
may be nearly 1oo® C. Incidentally, it may be mentioned that in the same air 
cooled engine, in which the maximum temperature of the aluminium alloy piston 
was 240° C., the maximum temperature recorded on a cast iron piston was over 
400° C., while that of the liner was 145° C. 
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Let the liner be assumed at a temperature of i° C., and the piston at a 
temperature of (100+ 1)° C., and let d be the diameter of the piston when at o deg. 
Centigrade, and d, the diameter of the cylinder. As a first approximation for 
the purpose of this calculation, d and d, may be taken as being equal. Paking the 
coefficient of expansion of aluminium as 26x 10~° and of steel and cast iron as 
10x 10~*, the relative expansion of the aluminium and the steel liner will be 

e = { (100 + t) 26—10t } 10~“d 
or 
e = (2,600 + 16t) 
f t equals 150° C. then e=50x10~—‘d. If d equals 120 m.m. (4.7 inches) then 
3.5 x 10> °, which is very much greater than any possible growth. Allowing 


] 
¢=2 


3 mils for growth, the piston ought not to have, under these conditions, less than 
27 mils clearance, and if distortion is likely to take place the clearance ought 
not to be less than 30 mils. 

If the difference of temperature between the piston and the liner of 50° C., 
and the liner at 150° C., then e=17.4x10~—*%; a minimum clearance of 24 mils 
will probably be required. 

The piston will always be hotter at the crown than at the skirt, and the 
clearance at the crown should thus be greater than at the skirt. On the other 
hand, the clearance at the crown should not be too large, as there is a danger of 
the deposit of a layer of solid carbon. 


The ‘‘ Burning ’’ of Aluminium Pistons. 


From time to time, and particularly during the rather severe test to which 
engines are subjected before being sent away from the works, what might be 
called epidemics of piston ‘‘ burning ’’ have been met with. For example, in 
connection with one type of engine very little trouble had been experienced from 
this until about December, 1917, when suddenly it was found that after the two 
hours’ test and engines were stripped down, the crowns of the pistons taken 
from some of the cylinders were found to be badly ‘‘ burnt.’’ This in its first 
stages consists of a slight pitting of the surface of the crown of the piston, as 
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s| 
small pits deepen, and finally part of the crown 
as shown to the right of the figure. 
int adly is it wi See > surface 

On carefully examining the badly burnt piston it will be seen that rag nig 
has a distinct columnar structure, which suggests that softer parts of the alloy 
have been drawn from round about the harder columns. This burning of 


sown by the example on the table and in Figure 35. When carried further the 
{ of the piston may be entirely 


burnt away, 


Fig. 38. 


the piston, which is not to be confused with cracks in pistons through which the 
hot gases may penetrate and soon wear a hole in the piston, appeared to com- 
mence in nearly all cases near the circumference of the crown, or, in other words, 
at the junction between the crown and the skirt, and to spread inwards towards 
the centre. On taking an engine down, containing eight pistons, it would 
probably be found that. two, three, or more pistons were ‘“‘ burnt,’’ but «all the 
pistons would not be burnt, and of those that were the burning would not be at 
any particular part of the crown, relative to, say, the inlet or exhaust ports. It 
was therefore impossible to relate the phenomenon to any particular condition 
obtaining relative to the incoming or outgoing gases, and furthermore, since it 


Nig. Fig. 40. 


might occur in any one of the cylinders of the eight cylinders of the engine, it 
was found impossible to relate it to the water circulating system. A change in 
the character of the spirit used in the engine did not appear tc make any difference 
in the number of the pistons burnt, and changes in the temperature of the cooling 
water did not affect the problem to any considerable extent. There seemed no 
doubt that in some way or other the phenomenon must be due to an excessive 
temperature reached in the piston, or else it must be due to a particular condition 
of the material of certain pistons, which allowed of the peculiar kind of disintegra- 
tion to take place, to which we have already referred. 

Now the temperature reached by the piston will no doubt depend largely 
upon the power produced in each cylinder and the facility with which heat can 
escape through the piston to the walls of the cylinder, and if the engine is to run 


lig. 37- 
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for anv considerable time at the full power produced, the temperature reached 
might be such as would endanger the piston. The specification for testing the 
engine, from which the pistons shown in Fig. 35 were taken, required that the 
engine should be run for at least two hours, of which the last five minutes should 
be at full load. On reducing this specification so that it should run for two hours 
on o.8 load without the last five minutes at full load, it was found that the 
‘burning ’’ very considerably diminished. Further, reports from the squadrons 
showed that in this engine the phenomenon of ‘ burnt ’’ pistons was very in- 
frequent in the air, which again appeared to indicate that the test load was too 
severe for the engine and was very largely responsible for the number of pistons 
found to be ‘ burnt ’’ on stripping down the engines after the test. This, of 
course, was prima facie evidence that in certain conditions of running tempera- 
tures were reached which were greater than the alloy could reasonably withstand, 
but it did not suggest what this temperature was: It therefore became important 
to trv and determine at what temperature it was possible for the pittin& to occur, 
and to inquire into the possibility of the structure of the material in the piston 
being a contributory cause of the failure. If some lower limit of temperature 
could be fixed at which the phenomenon could take place, or if it could be shown 
that the phenomenon occurred only in those pistons, the metal of which had a 
particular structure, it would then be possible to overcome the difficulty, either 
by taking care that the temperature in the cylinder should not reach its lower 
limit, or possibly by a new method of casting the pistons. A careful examination 
was made of the very large number of pistons, and although at one time it seemed 
to be indicated that pistons having a particular structure, which they appeared to 
have when die cast at an excessively high temperature of 850° C., were much 
more likely to fail than others cast at a lower temperature and which had a finer 
structure, it was found impossible finally to prove that any particular structure of 
piston was of necessity primarily responsible for the ‘t burning ’’ of the piston. 
It is interesting to note, however, that on examining the alloys under the micro- 
scope it was found that the material near the surface of the crown showed a 
distinct columnar structure. 


Mr. Nipling, of the Wolseley Motors, Ltd., found that in pistons that had 
been cast at a high temperature in a chill, and had been burnt on test, the columnar 
structure of dendrites or columns of pure aluminium surrounded by sheaths of 
eutectic, which has a low melting point, could be seen with the naked eye. In 
some of the pistons examined these columnar crystals were found to be of con- 
siderable length. Mr. Kipling suggested that only those pistons which showed 
this columnar structure near to the crown gave evidence of ‘‘ burning.’’ Further 
investigation by my assistant, Mr. Wills, showed, however, that pistons which 
did not exhibit this columnar structure near to the crown to the naked eve were 
burnt in the engine. Again, certain pistons which ran 100 hours in the engine, 
although perhaps not quite at full load, certainly did exhibit under the microscope, 
although not to the naked eve, a distinct columnar structure near to the crown. 
Figure 36 shows a section taken perpendicular to the crown of the piston near. to 
the part where *‘ burning ’’ had taken place. It will be seen in this case that 
the crystalline structure, multiplication 60, shows the columnar habit with the axes 
of the columns running perpendicular to the surface. This columnar structure, 
however, is not visible to the naked eve. Figure 37 shows a section taken near 
the surface of the piston. This piston had been very slightly ‘* burnt *’ during 
running. Near to the surface, under the microscope, small holes can be seen in 
the casting, from which the eutectic has been exuded. Figure 38 shows the same 
section to a larger scale. ‘The CuAl,, which is shown in the. black masses, has, 
however, not been in any way affected, showing that its temperature had been less 
than 540° C., and a small distance below the surface the alloy certainly had not 
been above 540° C., as will be seen by comparing Figure 38 with Figures 39 and 
40 which are taken from a piece of piston annealed above 540° C. In Figures 39 
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and 40 the black masses have become duplex in structure, which is characteristic of 
a chilled alloy after annealing at a temperature above 540° C. 

Mr. L. J. Wills, M.A., who was my assistant at Birmingham and to whom I 
am indebted for the very excellent microphotographs, endeavoured to reproduce 
the conditions found in these pistons artificially by playing upon the surface of a 
piston with the oxy-acetylene blow pipe. 


41. Fig. 42. 
Figure 41 shows the effect produced by the oxy-acetylene blow pipe playing 

on a piece of unannealed aluminium. The inner face of the crown was kept cool 
by air or steam. It will be seen that the exudation is blotchy, and differs very 
markedly from the nature of the exudation in Figure 42. The exudation in 
Figure 42 when removed leaves little pits very similar to those found in the 
‘‘ burning ’’ pistons. Now photograph 42 shows the surface of the aluminium 
on which the blow pipe has been playing, after the metal had been annealed for 
some hours at a temperature above 250° C. Specimens were annealed at from 
250° to 260° C., and others at 400°, 450° and 500° C. respectively, and heated 


with the blow pipes; in all these the globular type of eutectic was exuded similar 
to that of Figure 42, whereas when the blow pipe was played upon the specimen 
before annealing, the blotchy type of exudation, Figure 41, always occurred. When 
the oxv-acetvlene flame was plaved on to a piston that had been rejected because 
of local ‘* burning,”’ the eutectic exuded in the globular form. Figure 43 shows 
a globule of eutectic just caught in the act of exuding from the surface (multiplica- 
tion 60). Figure 44 shows a section (350 diameters) taken through the eutectic 
globule, and exhibits the beautiful eutectic structure consisting of alternate white 
layers of aluminium and the black layers of CuAl,. It would appear, therefore, 
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that the globular exudations, which are characteristic of what we call ‘* burnt ”’ 
pistons, only occur after the pistons have been heated for some time at a tempera- 
ture from 250° C. and are afterwards heated to a temperature high enough to 
soften this eutectic sufficiently to cause it to be exuded. Figures 45 to 47 
are taken from a piston which had seized and in which the temperature apparently 
had been sufficiently high to allow of the formation of the duplex eutectic, and 
a considerable amount of it had escaped from the surface. Photograph 46 


especially shows this. Photograph 47 shows the characteristic condition, magni- 
fication of 1,000, of the material, after heating at 540° C. 

Now it is well known that at temperatures even below 400° C. aluminium 
alloys become very soft, and at a temperature of 540° C. the eutectic, surrounding 
the crystals of aluminium, melts. Cooling curves for aluminium copper alloys 
are shown in Figure 48. If, therefore, the surface of the piston reaches a 
temperature of 540° C. the eutectic will certainly be forced out of the piston. 
Mr. Wills’ experiments showed clearly the possibility of the surface temperature 
being sufficiently high for the eutectic to be exuded without pressure, while the 
mean temperature of the piston is very far below 500° C. That pistons which have 


burnt have a mean temperature of the crown far below 500° C. is shown by the fact 
that burning takes place without the slightest sign of distortion in the piston. 
Further, as already remarked, the highest temperature recorded by Dr. Gibson in a 
piston, 10 seconds after stopping the engine, was 275° C. In this case, however, 
there was no sign of burning, and the conditions were evidently not so severe as in 
the engines where burning had occurred. <A consideration of the laws of conduc- 
tivity of heat suggests the impossibility of the mean temperature of the surface 
being very much greater than the mean temperature of the piston, and the mean 
temperature can hardly be greater than 400° C. without considerable distortion. 
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If, therefore, burning only takes place when the temperature approaches the 
melting point of the eutectic this temperature must be very local, and conditions 
must obtain in the engine similar to what takes place when an oxy-acetylene 
blow pipe plays on the surface of metal. There are grave objections to this theory 
and further experiments have clearly shown that the surface temperature cannot 
be more than a few degrees hotter than the centre of the crown; it may be, there- 
fore, although it is difficult to see how it can be so, that the eutectic is exuded by 
mechanical action at temperatures below the melting point of the eutectic. 


In the engine this intense local heating may be due to local high temperatures 
in the gases, which is difficult to conceive, or due to local seizure, or, what is 
probably more likely, due to the local overheating of the liner. Dr. Gibson has 
shown that very different temperatures may exist in the liners of the various 
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cylinders of an eight-cylinder engine, and as we have already remarked the 
liner of a cylinder may be very hot if good contact is not ensured between the 
liner and the jacket. In the particular engine to which we have referred the liners 
were put into the cold jackets and, therefore, it might have been possible for the 
liner in some of the cylinders to become very hot. On the other hand, a careful 
examination of the liners failed to reveal any excessive ‘‘ blueing,’? which would 
have been indicative of high temperatures. Pitting of the surface may take place 
at much lower temperatures than the melting point of the eutectic, but it probably 
does not take place at temperatures below 300° C. It is of interest to note that 
with certain alloys containing zinc we found small beads were squeezed out of 
the metal when determining Brinell hardness at temperatures a little above 300° C. 


The evidence has certainly been very conflicting, and it is difficult to come to 
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definite conclusions. I have, a long time ago, suggested that attempts should 
be made to produce the phenomenon under definitely known conditions. If this 
is done it will be possible to say definitely how it can be avoided. If, when the 
liner of an engine reaches a certain temperature, it is impossible to prevent the 
piston ‘‘ burning,’ or if it is impossible to obtain more than a certain power 
from a cylinder without this risk to the aluminium piston, or if it is consequent 
upon bad fitting or imperfectly cooled liners and, therefore, too high temperature, 
then something definite will be known. Up to the present the only method of 
inquiry has been the examination of pjstons after the “‘ act,’’ but nothing has 


TENSILE TESTS on ALuminium ALLoys 
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been known definitely of the conditions in the particular cylinder or cylinders, 
where the phenomenon has taken place. Unless this is obtained the remedy can 
hardly be found or the risk avoided with certainty. It may possibly be entirely 
overcome if alloys containing a small percentage of low melting point eutectic are 
used, but of this I am not very hopeful. 


The Tensile Strength of Aluminium Alloys at Various Temperatures. 


It is important in considering the suitability of an alloy for pistons for 
aeroplane engines, that its behaviour at the temperatures at which it is likely 
to be working in the cylinder should be known, not only its ultimate strength but 
also the elastic limit should be determined. With this end in view we have 
carried out a number of tests at Birmingham and have investigated the properties 
of alloys of very varying compositions. 


Figure 49 shows the ultimate strength obtained for alloys of the approximate 
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compositions shown on the figure. It will be noticed that up to a temperature 
of 250° C. the tensile strengths of a number of these alloys may be very variable. 
At 350° alloys Nos. 1, 5, 6, 7 and 7a have approximately the same breaking 
strength. Alloys containing only 7% of copper are much weaker than the other 
alloys at all temperatures above 150° C. It will be noticed also that the chill 
castings at temperatures above 300° C. appear to have no advantages as far as 
strength is concerned over the sand castings. In Figure 50 are shown the breaking 
strength, the elongation per cent., the reduction in area, and the ultimate strength 
of the alloy containing 12% copper which has been so largely used for aeroplane 
pistons; in these test pieces the iron content was somewhat higher than would 
generally be found, which no doubt increases the tensile strength at the higher 
temperatures. 


'S Tensile op B'ham. Aluminium Casting Cos 
Iron-Aiumiqium Alloy.(S.M) at differeot 
temperatures 

6 Composition 12% Cu 

O-8%Fe 
3 


Reduction of Area % Elon 
o 


» 4 
3 
Elaggation 
sO 100 150 200 aso 3909 3590 


Tempecoature 


Fig. 50. 


Similar curves are shown for two other alloys in Figures 49, 50a and 51. On 
comparing these curves it will be seen that magnesium appears to have a consider- 
able effect in raising the elastic limit up to a temperature of 250° €. The elongation 
per cent. is very much less than in some of the other alloys, or in other words the 
addition of magnesium apparently makes the alloys brittle. It is interesting to 
note that in all cases the elongation per cent. varies very little up to a temperature 
of 250° C. and then increases rapidly. This corresponds to the temperature at 
which growth begins, but it is doubtful if there is any association between the 
two phenomena. 


A general examination of the curves would indicate that the 4% copper with 
either nickel or iron together with magnesium varying from .5% to 1.5% would, 
as far as their physical properties are concerned, be quite as good as the 12% 
copper alloy. They may have one distinct advantage; both of these alloys are 
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lighter than the 12% copper alloy, and it is just possible that since they contain 
a less amount of eutectic certain advantages may be obtained if the pistons become 
somewhat overheated. The Brinell number of the 12% Cu alloy at 300° C. is 33, 
while that of the 4% Cu, 2% Ni, 149% Mg is 56.7. On the other hand, there are 
disadvantages in having to deal with such complicated alloys as the copper iron 
magnesium, or the copper nickel magnesium alloy as compared with the 12% 
copper alloy in ordinary foundry practice; this is referred to in another part of 
this paper. 

The alloys containing from 12 to 14% of copper and 1% of manganese are 
stronger at 250° C. than at ordinary temperatures. When sand cast the conduc- 
tivity is low, but this is increased by annealing at 450° C. 


Tensile A. Alloy 
Contaunng Flu 24M) Mg. 


4 
(ntl) 
Sivess 
10 


SWess «9 1075 Per saw 
S 


z 
‘00 300 


200 
«nr grade 


Fig. 50a. 


Brinell Hardness Numbers at Various Temperatures on Aluminium Alloys. 


It has already been suggested that the breaking strength of an aluminium 
alloy at the temperature at which it is likely to be worked in the cylinder is not the 
only property that must be considered. It would appear that any changes in 
, the hardness would indicate the liability of the piston to deform under the working 
pressure in the cylinders. It was, therefore, thought that if the Brinell numbers 
of the alloys that were suggested for aluminium pistons could be readily and 
clearly determined at temperatures from 50° C. to 400° C. the results would 
probably give a reliable intimation as to the suitability of any given alloy for 
pistons and other parts subject to high working temperatures. 

Experiments were therefore carried out in the hope that they would indicate 
a rapid and reliable method of judging the relative suitability of the various 
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aluminium alloys for pistons and other engine parts subjected to high working 
temperatures. 
The following alloys have been tested up to the present, both chill and sand 


cast :-— 
Specification. Nominal Composition 
(per cent.). 
L8 £20 Cu 
Lio doo Cu 125 Sn 
7.0 Cu 1.0) Sa 1.0) 
Cu 2 Zn... 9:0: Cu. 2:0 Sp Za 
4 Cu 2 Ni13 Mg... 4.0 Cu 2.0 Ni 1.5 Mg 
TENSE TESS on Ab Miow: 
AT CAFFERENT TEMPERATURES 
— COMPOSITION — 
2Ffe, 10:5 Mg 
g 
fe 
it 
4 
4 
& 
‘oO 
54 
02 
2 Som 100" 150° SG" 
- Temp °C- 
Fig. 51. 


The tests have been carried out at 15, 150, 200, 300 and 4oo degrees 
Centigrade. 

Owing to the large variations which occur in these alloys the following 

precautions had to be taken :— 

(a) All tests were made on specimens cut from tin. diameter test bars in 
order that the results for the different alloys might be reasonably 
compared. 

(b) In investigating the hardness of each particular alloy all the specimens 


tested were cut from the same bar. This eliminated as far as possible 
variations due to difference in composition and manufacture. 
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(c) In each alloy, wherever possible, two specimens were tested at each 
temperature, and the average of the figures thus obtained was taken as 
the hardness number. By this means it was possible to detect and 
discard low or erratic figures due to mechanical faults, such as small 
blow holes. Where these extra specimens were not available, however, 
the second impression had to be made on the reverse side of the specimen. 
Whenever this was done the fact has been noted in the accompanying 
table of results. It will be noticed that in most cases the duplicate 
figures thus obtained agree very well together. 


The specimens which, as stated above, were all cut from test bars were about 
1in. diameter and lin. to 2in. deep. The flat surfaces were polished to eliminate 
tool marks and scratches and thus facilitate the accurate measurement of the 
impressions. 

The tests were carried out in a small electric furnace which had been specially 
designed by the author for use with one of the Brinell testing machines made by 
the firm of Aktiebol Alpha, of Stockholm. 

The specimens to be tested were placed on the steel base of the electric 
furnace, which was then heated to the required temperature. This temperature, 
with a variation of not more than 2° C. in either direction, was maintained in 
every case for 8 to 12 minutes before the test was made, in order to make sure as 
far as possible that the specimen was always uniformly heated throughout to the 
required temperature. As it usually took about five minutes to make a test, 
change the specimen, and bring the furnace back again to a steady condition, 
it was possible to test four specimens per hour when the furnace had once been 
heated up. 


The temperatures were measured by an iron constantan thermo couple, the 
bare end of which was allowed to touch the specimen. The couple was connected 
to a direct reading instrument, on the scale of which every to degrees was marked 
and each degree could easily be estimated. 

While the specimens were being heated the furnace was allowed to stand 
on a sheet of asbestos on the bench. As soon as they were ready the furnace, 
together with the asbestos sheet, was transferred to the table of the machine 
and the test made by bringing the steel ball in the machine into the depression 
on the top of a plunger in the furnace and loading this by means of the oil pump 
in the ordinary way. The pressure was thus transferred to the second steel ball 
attached to the bottom of the plunger. The ball which made the impression was, 
therefore, always in the furnace and at the same temperature as the specimen 
at the time of testing. 

In every case a 10 m.m. diameter hardened steel ball was used with a load 
of 500 kilos., and the Brinell hardness number was calculated from the diameter 
of the resulting impression. 

Preliminary experiments were carried out which showed that reliable results 
are obtained in tests at 15° C. when the load is applied for 10 seconds, and that 
if this period is increased there is no corresponding uniform decrease in the 
diameter of the impression. As a result, however, of a few preliminary tests at 
300° C. it seemed probable that the period of application of the load would be of 
considerable importance at higher temperatures. 


To investigate this, therefore, a few tests were first made in which the loads 
were applied for periods varying from 10 to 70 seconds. The figures obtained are 
given in Table 2. It will be seen that the total variation in the hardness number 
is fairly small, while the variation due to an error of two or three seconds in the 
loading period is quite negligible. 


In all subsequent tests, therefore, the load was applied for 10 seconds in every 
case. 
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The results are shown in Table 3.* 


On the whole the higher the percentage of copper the harder is the 
alloy at all temperatures, irrespective of the other metals present in the 
alloys in small quantities. The four alloys which are highest in copper show 
a considerable variation in hardness at 15° C., but these variations rapidly 
decrease as the temperature rises, until at about goo° C. there is very little 
difference between them. 

L5, however, the high zinc alloy, though one of the hardest alloys tested at 
15° C., loses its hardness with very great rapidity as the temperature increases. 
It will be noticed, moreover, that L5 seems to lose its hardness most rapidly in 
the first 150 degrees when compared with the alloys containing a higher percentage 
of copper. 

Most of the sand cast bars tested, as noted in Table 3, showed the charac- 
teristic small pin holes or air holes that are often to be seen on the machined 
surfaces of cylinder blocks and other castings in these alloys. It is noticeable 
that in some cases the sand cast bars were harder than the chill cast bars in the 
same alloy. 

One interesting phenomenon was noticed. When testing the alloys con- 
taining both zinc and tin small globules of metal were found on the polished 
surfaces of the impressions made at 300° and 400° C. These were probably 
minute globules of the zinc tin eutectic squeezed out of the alloy. 

The relative hardnesses agree very well with the relative tensile strengths at 
temperatures higher than 200° C.; all the hardnesses tend to become nearly the 
same at 400° C. At 300° C. the Brinell hardness number of the nickel alloy is 
about double that of the 79% copper 1% tin alloy and is more than three times as 
great as that of an alloy containing 13% zinc and 3% copper. 

A tBenz piston made by the Germans was found to contain a high percentage 
of zinc and copper, with 14% of iron. This piston had a Brinell hardness of 
about 62 when cold, 28 at 300° C. and 11 at goo°® C. Its tens ‘2 strength when 
cold was more than 13 tons per square inch. At 300° C. it was only 4.08 tons per 
square inch, It is therefore harder at 300° C. than L-11. There seems no doubt 
that the 14% iron would considerably ‘ncrease the strength at high temperatures 
and would probably raise the hardness at 300° C- so that at this temperature its 
hardness is practically equal to that of the 7% copper 1% tin alloy. 

The results on the whole seem instructive. They clearly show the superiority 
of the high copper alloys (L8) over the high zinc alloy (L5) for all castings which 
are exposed to high temperatures, and that the effect of magnesium in hardening 
the alloys is very marked. The results, moreover, show sufficient uniformity to 
justify further similar tests on other allovs at present in use, and to warrant the 
assumption that such tests would rapidly give an indication of the resistance of 
any new alloy to high temperatures. 


TABLE 2. 
BRINELL HARDNESS NUMBERS. 
THE EFFECT OF DURATION OF LOAD AT 300° C. 


Mark. Specif. IO secs. 30 secs. 60 secs. 70 
HSP25 Lio 27.1) 28.8) 24.5 
Chill (77's — 24.2 
2738 27.6 23.8 
WMCA Lit 28.2) | 24.9) 
Chill ‘27.6 26.0 
27.0) 25.4) 25.4) 


* Owing to printing difficulties, it was not found possible to reproduce curves plotted from results 
givei in the Table. 
+ For Analysis see Appendix. 
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TABLE 3. 
BRINELL HARDNESS NUMBERS AT HIGH TEMPERATURES. 
500 Kilos Load. 
Brinell Hardness Numbers at 
Actual - A = 
Mark. Specif. Analysis. re” ©. 150° C. 200° C. 00° C 00° C, 
I : 5 3 4 
HSP25 9.72 Cu 62.8 48.9 274 11.8 
Chill 1.25 Sn 62.2 — 48.9 27.5 11.5 
.61 Fe 61.8 a63.7 27.8 111 
HSP 35 Lio 10.03Cu  b62.2) 59-5] 50.3 10.8 
Chill 1.24 Sn . 763.0 59-5 49-9 26.4 10.4 
61 Fe 663.7) 49-5 26.7) 10.0 
HSP8 10.41 Cu 65-3) | | 27.6 14.3 
Sand 63.8 61.7 53-7 27.7 11.2 
62.2} 61.5) 51-3) 25.7 11.0 
WMCA Lit 7.61 Cu 60.2 58.7 47-6) 28.2 12.7 
Chill 1.50 Sn 59-8 58.7 46.2 27.6 12.2 
1.46 Zn 59-5 58.7 44.8) 27.0) 11.6 
74 Fe 
WMSA 6.95 Cu 56.0 54-9 41.5 24.8 
Sand 1.45 Sn 54-6 53-5 43-3 25.0 10.8 
(c) 1.66 Zn 53-2 52.0 45.0 26.5 *10.4 
.58 Fe 
M6 L5 3-01 Cu 59-5) 43-0) | 
13.01 Zn 61.6 41.9 35-1 i537 — 
-61 Fe 63.7 40.7) 38.0 14.9) 
Ls L5 3-26 Cu 80.4 44-3] 35-2) 14.7 
Sand 13.35 Zn 79.2 43.8 35-9 14.8 —_— 
(c) 70 Fe 78.0 43-3) 36.5) 14.9 
K6 L8 12.17 Cu b70.8 b63.7 b33.8 b13.5 
Chill .70 Fe 81.7 71 63.4 34.7 13.0 
b83.0J b72.5 b63.0 b35.6 b12.5 
Js L8 b63.9 59.0 b32.3 b15.6 
anc .69 Fe 7.0 19.0 57-9 $2.2 14.4 
(c) b65.0 69.0} 56.7 b34.0 b13.1 
H7 g Cu 9.32 Cu 61.8 61.0 47-1 vp Ba 9.7 
Chill 2 Sn 2.15 Sn 62.2 57-8 48.1 26.7 9.8 
1}Zn 1.42 Zn 62.6 54-5 49.1 26.0 10.0 
.50 Fe 
G7 g Cu g.o1 Cu 60. 2 56.6 49-7 26.8 10.5 
Sand 2 Sn-— 2.14Sn 60.4 55-1 48.3 26.3 10.4 
(c) Zn 1.53 Zn 60.6 53-6 46.8 25.7 10.2 
.62 Fe 
Sand 4 Cu 4.00 Cu Fics — 61 45-7 17.2 
Chill 2 Ni 2.12 Ni 76.2 73.2 67.6 52.7 — 
14 Mg 1.56 Mg 
Notres.—(a) Figure discarded as obviously unreliable. 
(b) Both impressions at the same temperature made on the same 
specimen, one on each side. 
(c) Whole bar full of very minute blow or pin holes. 
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Elastic Limits of Aluminium Alloys and Their Behaviour Under Repetition Stresses. 


Aluminium alloys in aeroplane engine parts are subjected to rapidly changing 
stresses, and in many cases failure under repetition stresses has occurred. Crank 
cases have been found cracked, probably due to such stresses. It appeared 
desirable, therefore, to determine the ranges of stress, which under definitely 
known conditions would cause fracture, and to see if this range of stress was 
related to the elastic limit as determined by an ordinary extensometer. Ultimate 
tensile strengths and elastic limits are not always reliable as_ indicating 
the suitability of a material for a particular purpose; this is true of other metals 
as well as aluminium alloys. 

The tests were carried out in a specially designed machine in which the test 
specimen is a rotating cantilever carrying a known weight at the end. The 
shape of the specimen is so designed that it should break at a particular place, 
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and where a specimen completed a test without breaking, the stresses were 
calculated at the point where fracture should have occurred. Owing, however, 
to imperfect machining or to lack of uniformity, some test bars did not break at 
the desired place and in that case the stresses were calculated at the actual point 
of fracture. All tests were carried out at an average of 4,000 revolutions per 
minute, and the stress in any outside fibre of the test bar thus varied from a 
maximum tensile stress to an equal maximum compressive stress, and back to the 
same maximum tensile stress 4,000 times in each minute. Vibration during the 
tests is hardly noticeable. 

During the tests here recorded it was not found possible to run the specimen 
continuously until fracture occurred. Each test was therefore divided approxi- 
mately into continuous running periods of about g to 10 hours followed by 
periods of rest of about 14 hours. During these periods when the machine was 
not running the weights were allowed to remain hanging on the specimen. 


In order to ensure as far as possible a uniform composition throughout the 


Fig. 52. 
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whole series of tests here recorded, the bars for both the tensile and the Wohler 
tests were cast at the same time from the same pot of molten metal. 


Repetition Tests on Aluminium Alloy (12% Cu). 


The stress strain curves obtained in the tensile tests are shown in Figures 
52 and 53, and the results are also recorded in tabular form in Table 4. The 
strains were measured by a 2in. Ewing extensometer. It will be noticed that the 
small pin holes present in test bar D1C2 do not seem to have lowered the elastic 
mit, though they have appreciably affected the ultimate stress and elongation. 

The results of the Wohler repetition stress tests are recorded in Table 5 and 
are shown plotted in Figure 54. It will be seen from Figure 54 that specimens 
which ran for one or more tests without breaking tended to give points slightly 
above the line when they were finally broken. This is shown by specimens C1Ca2, 


124.Cy Chill-cast 
6 


Stress - Tons|* 


53- 


CiSr1 and Cr1S4. It should further be noticed that specimen C1S4 was allowed 
to run for over 15 millions at a stress not quite high enough to produce fracture, 
and was then allowed to rest for seven complete days before it was again tested 
at a higher stress. As can be seen from the figure this point is well above the 
asymptote. This rather suggests that a large number of reversals at a low stress 
followed by a rest considerably improves the strength of this alloy, though this 
cannot be stated definitely without further exhaustive experiments. 

Figure 54 indicates that the strength of the sand cast material is practically the 
same as that of the chill cast material when they are subjected to alternating 
stresses varying from a maximum compressive to an equal maximum tensile 
stress, though the elastic limits and ultimate strengths of the chill cast material 
are considerably higher than those of the sand cast material. 


Thus the elastic limits of the specimens tested are approximately 


Chill cast 3.3 tons/sq. in. 


while the asymptote of the Wohler curve occurs at a range of stress of about 
6 tons/sq. in. for both the sand and the chill cast specimen. 
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TABLE 4: 
RESULTS OF TENSILE TESTS. 
Cast. 


Specimen. Elastic Limit. Ultimate Stress. Elongation on 2in. 
DiC2 3-4 tons/sq. in. *7.4 tons/sq. in. ¥19G 


* These low results are due to the fact that the specimen was full of small 
pin holes. 
Sanp Casv. 
Both specimens full of small pin holes. 


Specimen. Elastic Limit. Ultimate Stress. Elongation on 2in. 
D1S2 2.3 tons/sq. in. 7.725 tons/sq. in. 13% 
3 7°725 2 
Chill Unbroken o 
Broken o 
Sand-cas! Unbroken 12% Cu. ALLoy. 
Broken 6 


£ o x 
et 
4° 
Fig. 54. 
TABLE 5. 


RESULTS OF WOHLER REPETITION TESTS. 
CHILL Cast. 
All specimens were sound and free from blow holes and pin holes. 


Specimen. Range of Stress. Reversals in Millions. | Remarks. 
Ci1C3 7.38 tons/sq. in. 1.392 Broken. 
CiC4 6.03 6.609 
CrGe2 5-00 6.698 Unbroken. 


Sanp Cast. 
Specimens free from pin holes, but one or two specimens had small blow holes. 
No fracture, however, occurred at any blow hole. 


Specimen. Range of Stress. Reversals in Millions. | Remarks. 
CiS2 7.64 tons/sq. in. 0.643 Broken. 
4.92 7.038 Unbroken. 

7:00 55 ” 7-430 ” 
45 5-542 Broken. 
5-84 15.730 Unbroken. 
(Allowed to rest for seven days before next test.) 
7.42 tons/sq. in. 12.256 Broken. 
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TEST ON WOHLER REPETITION TESTS ON ALUMINIUM ALLOY L8 
(12% CU). 
A piece of sand cast and chill cast specimen in this series was analysed with 
the following results :— 


Chill Cast Sand Cast 

(CiC1). (C1S1). 
Cu 12.00% 12.55% 
Sn Nil. Nil. 
Fe .69% 82% 
Zn Trace. 
Si -37% 

8% Cu. 67 Zn 


Sand Cost 


Slress in Tons per O 


« Inch 


Fig. 55- 


Repetition Tests on Aluminium Alloy (8% Cu, 6% Zn). 


The results of the tensile tests are tabulated in Table 6, and the stress strain 
curves are shown plotted in Figures 55 and 56. The results of the Wohler tests 
are recorded in Table 7 and are plotted in Figure 57. 


It will be noted that the results of the tensile tests are fairly uniform with 
the exception of the elastic limits of the sand cast specimens, which appear to be 
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very irregular. It will further be noted that the superiority of the chill cast 
specimens over the sand cast specimens is considerably more marked under 
repeated stresses than under direct tensile stress. As is seen in the tables, there 
is apparently no direct connection between the asymptotes of the repetition test 
curves and the elastic limits and ultimate strengths in the corresponding tensile 
tests. 

Wohler Test. 


Total Range Average Average 
Asymptote. Elastic Limit. Ultimate Stress. 
Chill Cast 10.5 tons/sq. in. 3-7 tons/in.? 12.28 tons/in.? 
Sand Cast 4.6 ,, 45 
Wohler Tests 
Bath 


104 Both—theag Specimens 
broke through 


Unbroken 


65 Sond Cast. 


Range of Stress in Tons per 0” 


° H 2 3 ee 5 6 
Reversals: in Millions 


Fig. 57. 


Pieces of sand cast and chill cast test specimens were analysed and gave the 


following results :— 
Chill Cast (C2C1). Sand Cast (C2Sr1). 


fit 
Cu 8.7% 
Sn Nil. Nil. 
Fe 
/ 

Zn 5.26% 
Si 

TABLE 6. 


TENSILE TESTS ON ALUMINIUM ALLOY (8% CU, 6% ZN). 
CHILL CAST. 


Elastic Ultimate 

No. of Limit. Stress. Elongation 
Specimen. Ton/sq. in. Tonfsq.in.  % on 2%. Remarks. 
D2C1 3.9 12.28 1% 
D2C2 4.5 11.88 
D2C3 3.8 12.68 
Average 307 12.28 7% 
SAND Cast. 

Tonsjin.? Tonsjin.? 
D2S1 3.1 9.08 4% Small pin holes in metal. 
Average 258 8.87 4% 


\ 
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TABLE 7. 
WOHLER REPETITION TESTS ON ALUMINIUM ALLOY (8% CU, 6% ZN). 


CHILL CAST. 


No. of Range of Stress. Reversals in 
Specimen. Tons/in.? Millions. Remarks. 
C2C1 8.00 8.380 Unbroken. 
9-04 5-727 ” 
10.50 5-131 ” 
1.626 Broken. 
C2C2 10.96 .075 Broke through small blow hole. 
C2C3 9.10 1.334 
C2C4 10.56 4.668 Broken. 
SanD Cast. : 
C2S1 10.62 .O12 Broken. Pin holes in metal. 
C2S2 7.64 .142 
C2S3 4.65 6.263 
C2S4 5-32 2.093 eS Metal free from pin holes 


on surface. 
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Fig. 58. 


Repetition Tests on Aluminium Alloy (12% Zn, 2% Cu). 


The results of the tensile tests are tabulated in Table 8 and the stress strain 
curves are shown plotted in Figure 58. 

The results of the Wohler tests are tabulated in Table 9 and are plotted in 
Figure 59. 

Considering the stress strain curves it will be seen that in all four cases the 
curve up to about 4 ton/in.* has been shown as two consecutive straight lines. It 
is possible that the true stress strain curve for this range may be a slight curve 
throughout its length or the first portion may be a straight line followed by a 
curve. The total deviation from the straight line is, however, small, and within 
reading limits of the extensometer (2in. Ewing) the curve appears to be best 
represented by two straight lines. The end of the first line is quoted as the 
primary elastic limit and the end of the upper straight line as the higher elastic 
limit. 
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TABLE 8. 
CHILL. 
Primary Higher Ultimate 
No. of Elastic Limit. Elastic Limit. Stress. Klongation 
Specimen. Tons/in.? Tonsjin.? Tons/in ? 
D3C1 2.6 4.0 12.04 15 
D3C3 2:2 3.8 13.76 255 
SAND. 
D3S2 2.0 3.8 1252 2.0 
D3S1 2.4 4.0 12.20 1.5 


From the above results it will be seen that the sand cast and the chill cast 
specimens give very similar results, the chill cast having possibly a higher elastic 
limit. 
The results obtained from the Wohler tests were not on the whole quite so 
satisfactory as have been obtained from alloys previously tested, as a number 
of the specimens broke, owing possibly to defective material or machining, at 
sections where the stress was not a maximum. 
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Fig. 59. 


In such cases the maximum stress and the stress at the section at which 
failure occurred are both recorded. One specimen (C3C1) was run for eight 
million complete reversals without fracture, the stress range was then increased 
and fracture occurred after about three quarters of a million reversals. 

Two curves have been drawn for each batch of material; the upper one in 
each case (shown dotted) possibly represents the conditions for uniformly satis- 
factory specimens and seems to indicate a safe range for the chill cast of 6.5 
tons/in.* and for the sand cast of 5.0 tons/in.?. 

The lower curves (in full) show the relationship between number of cycles 
and stress at fracture of the specimens, and these appear to indicate rather lower 
safe ranges, of the order of 5.9 tons/in.* for the chill cast and of 4.6 tons/in.? for 
the sand cast. 

There does not appear to be any very definite connection between the safe 
ranges so found and the elastic properties of the alloys, and further, although 
there is little difference between sand and chill castings, as shown by the static 
tests, there appears to be a marked difference between the safe ranges of the two 


classes of material. 
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TABLE 9. 

CHILL. 
Maximum Range of Stress Number of 
Range of Stress. at Point of Failure. Complete 

Specimen No. Tons/in.* Tons/in.? Cycles. 

C3C1 6.16 + 3.08 — 8,073,360 
C3C1 7-57 £3°785 7-75 774216 
C3C2 7.0 +3°5 3,989, 232 
C3C4 6.8 +3.4 6.27 4,825,512 
C3C3 6.8 +3-4 6.05 6,112,728 
C381 6.62 5-76 1,544,544 
C3S2 6.28 5-76 1,586, 304 
C353 5-30 5-30 4,833,792 
C384 5-03 4.64 8,218,440 


ANALYSES OF THE SPECIMENS. 


Sand Cast Chill Cast 

(C3S4). (C3C3). 
Cu 2.17 2.07 
Zn 11.40 
Sn 0.06 0.05 
Fe 0.73 0.62 
Si 0.30 


‘The Porosity of Aluminium Castings. 


In order to overcome the porosity of the Hispano Suiza jackets a system of 
doping or enamelling was introduced; the jacket was filled with the dope and 
the pressure raised to 7olbs. per square inch. The jackets were then stoved for 
four hours. In connection with the Puma engine various kinds of enamelling were 
tried in the jacket to prevent porosity without real success, further, the squadrons 
had some difficulty with the enamel of the Hispano Suiza engine being dissolved, 
especially in frosty weather, by the methylated spirit which was put in to prevent 
the water freezing. It occurred to the author, therefore, that the best solution to 
the problem would be to try and find some solution, which, either in a mechanical or 
chemical way, would fill up the pores in a way similar to that in which rusting 
of cast iron cylinders has been practised for many years. In this case it is not at 
all unusual to fill the cylinder with water containing salamoniac; the salamoniac 
causes corrosion to take place in the pores, and the oxide thus formed acts as an 
effective seal. I therefore tried several solutions which I thought might act on 
aluminium in a similar way. The most effective of these was ordinary water 
glass. This, as is well known, especially when diluted with water, contains free 
sodium hydrate, which is known to act upon aluminium. I therefore carried out 
many experiments on pistons, cylinders and carburettors, and in every case found 
that it was quite easy to seal up porous castings. 


It was, however, necessary to determine whether any action continued which 
might in future endanger the casting, and also it was thought desirable to see 
if in any way the conductivity of the aluminium, after it had been treated with 
the silicate, was in any way affected. Before the method was suggested I had 
satisfied myself upon these points, providing that proper care was taken to wash 
the castings thoroughly after they had been treated. 


Messrs. G. and J. Weir used a special jig for holding the cylinder 
block during testing and silicate treatment. The jacket was first tested 
with hot water and then filled with hot silicate solution and the pressure 
raised to 7olb. per sq. inch. Carburettors, induction pipes, etc., can be rendered 
non-porous by immersion in a hot solution. The oil pipe of the Sunbeam crank 
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case was successfully treated by allowing hot solution to flow through it for a 
few minutes and then raising the pressure by closing the outlet cock and working 
the pump. Many thousands of castings have been successfully treated by this 
process. Careful washing is required after treatment. 


Founding of Aluminium. 


There are certain difficulties that have to be faced and overcome in the 
founding of aluminium, and one of the serious problems during the last three 
years has been how to reduce the very large proportion of scrap so frequently 
obtained in attempting to produce certain types of castings. The expensiveness 
of the metal when allied to the high percentage of scrap makes aluminium castings 
costly and no pains should be spared to find out those alloys which will give the 
required physical results while at the same time they can be produced efficiently 
in the foundry. For good and reliable work one of the first essentials, as indeed 
it is for all good founding, is cleanliness in melting, in the pots and in the moulds. 
Hardly too much emphasis can be laid upon this. The melting pots, whether of 
the ordinary plumbago crucible type or iron pots covered with some coating, should 
be kept clean and in the latter case the coatings should be applied frequently 
and regularly. 


The second point is that of carefully regulating the temperatures. It is not 
always possible to lay down absolutely and definitely the best temperature to use 
in pouring any casting, as of necessity the ‘‘ fluidity ’’ of the metal must depend 
upon the thinness of the casting to be produced and also upon the intricateness of 
it. Generally speaking, however, the lower the temperature the better. What 
is important is that when the temperature has been decided upon and founds 
to be correct for the effective running of any casting it should be carefully con- 
trolled, preferably by means of pyrometers, so that the pouring temperature is 
very nearly the same at each cast; further, the temperature it is allowed to reach 
in the melting pot should also be the same within reasonable, which means narrow, 
limits. At present there is hardly sufficient data available to say precisely and 
definitely what is the effect of rapidity of melting, or of allowing metal to ‘‘ soak ”’ 
for some time before being poured. If metal is run down rapidly it must of 
necessity mean a very hot furnace, and there is a danger of the bottom of the 
pot getting very hot, and of some of the metal reaching a high temperature. 
With reasonable care, however, even with a very hot furnace, this danger can 
be avoided. During the war output has been the all important consideration in 
foundry practice, and risks have been run that in more leisurely times will hardly 
be found to be necessary, and it may be, therefore, that aluminium foundry 
managers will find it will pay in the long run to sacrifice speed to quality and 
reliability. With such an expensive material as aluminium, and considering the 
care that had to be exercised in the preparation of moulds and cores, from a 
commercial standpoint, it clearly will not pay to run any risk in the melting of the 
metal, which might in any way endanger the finished casting. The cost of actually 
melting the metal must always be relatively small, and the saving due to increased 
speed of melting is still smaller, as compared with the cost of the raw material 
and of the preparation of the mould and cores, and if by paying increased atten- 
tion to the melting conditions the scrap can be in any way diminished, it is clear 
that economy will soon be effected; there is need for careful investigation in this 
connection. If the temperature of all the metal can be kept during the whole 
of the melting below a certain temperature, there is not much danger, but if in 
prolonging heating it exceeds that temperature the rapidity of oxidisation is 
greatly increased, and the risk of absorption of silicon from the melting pot or 
iron from the stirrers is facilitated. To what exttnt the oxidised aluminium 
enters into the aluminium or comes to the surface as a scum is by no means easy 
to determine. Mr. John Rhodin has done very much valuable work in this 
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connection and is still pursuing his investigations. There seems no doubt that 
very badly ‘‘ burned ’’ aluminium contains a considerable percentage of aluminium 
oxide, but it is not at all clear that some of the troubles, such as for example the 
occasional brittleness of virgin aluminium, the iron and silicon content of which is 
not excessive, can be traced to the direct presence of aluminium oxides. 

Another and probably even more elusive problem is that of the absorption of 
gases by aluminium. Before cooling the surfaces of masses of aluminium very 
frequently give the appearance of occluded gases breaking through the surface. 
It is not always clear that the correct explanation of the appearance is that gases 
are escaping. In the surface of the metal it is possible for cooling to take place 
not perfectly uniformly, and for solidification to take place suddenly at needle 
points, which give the appearance of small bubbles due to escaping gases. 

Whether high temperature melting encourages the absorption of gases, or 
whether gases, such as nitrogen or the products of combustion from a coke or 
gas or oil fire, are more easily absorbed is a matter for investigation. It is 
clearly difficult to control the air and gas in a furnace so that the final products of 
combustion shall contain no free oxygen and of necessity they must contain a 
considerable proportion of nitrogen, and if, as in many furnaces, the gases are 
allowed to pass over the surface of the metal oxidation may take place, and either 
N or CO, may be occluded by the metal. 

If the products of combustion are prevented from coming in contact with the 
metal but the air admitted then oxidation may take place and N may be absorbed. 
The possibility of melting under a vacuum upon a large scale is a very doubtful 
commercial proposition, but it is probable that melting in special pots, which can 
be easily covered and thus protected from the hot gases, and partially protected 
from the atmosphere, would reduce any risk of gas absorption and also probably 
oxidation to a minimum. Certainly the metal could more easily be kept free from 
dirt and dust. There may be a possibility of hydrogen being absorbed by decom- 
position of steam, or from other sources, during the manufacture of the virgin 
metal and this may affect the final alloy. Whether by mechanical or chemical 
means or by ‘‘ soaking ’’ these gases can be eliminated is a matter for inquiry. 


Alloys and the Use of Scrap. 


Difficulties have frequently occurred in the foundries due to inaccuracies of 
mixture. Unless very special care is taken mistakes are likely to occur in 
those foundries in which a number of alloys are being made up and used in 
different types of castings. In such cases it is very desirable that furnaces for 
melting each kind of alloy should be kept quite separate, and as far removed from 
each other as possible. When castings are being made from virgin metal, with 
reasonable care in the weighing out from the stores, mistakes can be avoided. The 
principal difficulty then arises from the use of scrap, headers, risers, etc., and 
the possibilities of getting scrap from castings made of different alloys, and 
the material from headers and risers mixed. As a rule a furnaceman knows 
the types of castings made from the alloy he melts, and he can recognise 
scrap made of another alloy, but headers, risers and swarf cannot so readily be 
checked. For first class work the use of swarf should be avoided and only in 
any case used when quite clean. In order to prevent the possibility of errors 
due to wrong mixtures it is also desirable to keep the alloys as simple as possible 
in constitution. During the war production on a very large scale has been very 
essential and large numbers of workmen have had to be engaged with compara- 
tively little supervision. Simple alloys that can easily be made and introducing 
no very serious melting or mixing difficulties have been adhered to, and the 
results have justified this policy. Special alloys containing particular metals that 
were supposed to give satisfactory qualities to the alloys have frequently been 
suggested, but unless the advantages to be derived from their use could be shown 
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to clearly outweigh the disadvantages arising from the increased difficulties in 
making up the alloys or the possibilities of mistakes in composition the use of 
these was not encouraged. In the more leisurely times of peace, during which 
supervision can be better exercised, it may possibly be found that alloys con- 
taining such metals as nickel, magnesium, manganese, and other elements, or 
even rather more iron than is generally thought good, will give valuable properties 
outweighing the disadvantages of extra_care being necessary in the foundry to 
prevent mistakes, and the greater skill required to prepare the alloys. Very little 
progress can, however, be hoped for without a very close association between the 
laboratory and the foundry. 

With reasonable care, from 25 to 50 per cent. of scrap can be used without 
any risk of weakening the casting. 


The Foundry and Design. 


In the design of crank cases, engine cylinders and other large and com- 
plicated castings, it is important that before the final design is determined in the 
drawing office serious consideration should be given to difficulties of castings. 
Sudden changes of thickness should be avoided as much as possible, and for 
production on a large scale it is not advisable in large castings to attempt to 
make castings too thin. An extra one or two millimetres thickness on a casting 
may make a very large difference in the percentage of scrap produced. Again, 
careful consideration should be given to the ‘‘ venting ’’ of the mould. It should 
not be overlooked that the aluminium founder in order to overcome the effects 
of drawing, and to diminish the risks of cracking, finds it desirable to run the 
metal as cool as possible consistent with the intricacy of the casting. If possible 
the temperature of pouring for most of the ordinary alloys should be less than 
zoo’ C. If, however, the castings are very thin, or the metal has of necessity 
to flow a considerable distance in order to fill some part of the casting, higher 
temperatures may be necessary if mis-runs are to be avoided. Low temperature 
pouring has, however, one very distinct disadvantage. Unless very great care is 
exercised in the path the fluid metal is made to take, so as always to force air 
before it, there is very considerable danger of cooling taking place before the air 
can escape and shuts or blow holes being formed. The necessity for this care in 
arranging for the metal always to push the air before it makes it frequently 
necessary to feed the casting from the bottom of the mould, and thus cores have to 
be suspended in the mould. Even in many cases when it is not essential to 
feed from the bottom it is necessary to suspend the cores, and air is likely to be 
trapped under the cores. In the casting of crank cases very considerable difficulty 
has been experienced in this direction. In one case the bearings were carried not 
on a single rib, but on a double rib, which formed with the side of the crank case 
and the bearing a ‘‘ box ’’ which had to be formed by a core. To get this core out 
it was necessary to leave holes in the ribs, and through these it was necessary that 
the air should escape from under the core. Very considerable difficulty was 
experienced with blown bosses at the bottom of the crank case, and it seemed 
reasonably clear that these were due to the real difficulty of getting the air away 
from what might be called the ‘* box ’’ cores. A somewhat similar difficulty was 
experienced in the combustion heads of the Arab engines. The long barrel cores 
were suspended from the top box, and it was difficult to ensure getting the a'r 
away from these cores. In some cases, in order to be sure of getting air away, 
it has been found necessary to pay very particular attention to the venting of the 
cores and the venting holes have had to be made in the cores themselves. 


Cores. 


Both from the point of view of venting, and also to prevent the cracking of 
the castings on contraction, the cores have to be made very fragile. In iron 
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founding the temperature of pouring is sufficiently high to cause destruction of 
the binding materials, such as oils, molasses, or other proprietary articles, which 
are used as binders. In aluminium founding the temperatures used are not suffi- 
ciently high to dissociate these materials, and they are not, therefore, frequently 
used. To make the cores sufficiently fragile they are made of a sand that is not 
too binding and frequently a little sawdust is mixed with the sand; it is in nearly 
all cases necessary to stove the cores. For cylinder work very great care is 
necessary to see that the water jacket and valve port are made in boxes that 
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retain their correct shape and they should be dried on flat plates. For good 
reliable work it is desirable that the cores should be tested by jigs before being 
placed in the mould. 

The contraction of aluminium alloys on cooling can be taken as about 1 in 
70 to 1 in 80 or 1.25 to 1.4 per cent. The difficulty of using binding materials 
in the cores, which will dissociate at the temperature of casting, has already been 


lig. Ol. 


referred to, and thus it is essential that, where there are large massive cores, as 
for example the main cores of a crank case or the barrel cores of a cylinder, they 
shall be sufficiently fragile to crush easily under the contracting stresses set up on 
cooling. 


Gates and Risers. 


The necessity for pouring at low temperatures makes it essential in nearly 
all castings for ‘‘ wide gates ’’ to be used, and if the casting is large it is necessary 
that there shall be a number of gates into the mould, and generally speaking 
these should be as large as possible consistent with the thickness of the part of the 
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casting to which they are attached. Figures 60 and 61 show the crank case of the 
Sunbeam Arab engine as taken from the mould. If a gate is connected to a thin part 
of a casting, and the thickness of the gate where it joins the casting is very much 
thicker than the casting, there is a danger of drawing and probably cracking. On 
the other hand if it is too thin the difficulties of too slow running may produce other 
defects. It can be taken as a guiding principle that wherever there is a considerable 
change of thickness, or where there is a considerable mass of metal, as for instance 
near the bearings of a crank case, it will be frequently necessary to have a good 
riser in order that this part of the casting can be well fed. A large head to the gate 
will generally help to prevent drawihg, and the risers should be sufficiently high, 
and there should be enough of them to ensure that all heavy parts of the casting 
are well *‘ fed.’’ Risers also assist in the effective ventilation of the mould, and 
thus small risers are sometimes found necessary even in the cores. Designers 
will always do well to consult the aluminium founders about new types of castings 
as slight modifications in the design may frequently give very considerable assist- 
ance to the moulder. 


Chills. 

The use of chills in sand moulds is to be avoided as much as possible, but in 
many cases they are a necessary evil. Again it is difficult to lay down general 
principles, but as in other castings the general object of chills is to induce 
reasonably uniform cooling in the casting. Chills of brass and cast iron have 
been used. Where bosses project from a thin surface or at fillets where a thicker 
mass connects to a thin wall chills are frequently found necessary. Care must 
certainly be taken to see that chills are not too massive, as it is more than probable 
that in certain cases cracks were developed due to overchilling. Chills in cores 
are sometimes found necessary, but particular care should be taken to ensure 
that when cooling takes place the chills will allow of the necessary amount of 
contraction. 


Die or Chill Castings. 


The art of die casting, in connection with aluminium alloys, has been 
considerably developed during this last five vears. No mechanical or fluid pres- 
sure is, however, used in ordinary aluminium die casting. As the use of consider- 
able pressure has become associated with die casting, it is perhaps better, there- 
fore, to describe the methods as chill casting rather than die casting. Aluminium 
alloy pistons, parts of crank cases, wheels, and other details have been produced. 

Die casting from the point of view of production has considerable advantages 
over sand casting. Girls and vouths can be fairly quickly trained to carry out 
small work, and with reasonable care, risks of bad castings due to dirt, specks of 
sand, ete., such as are frequently met with in sand castings, are entirely overcome. 
In addition the castings have a much finer grain and are stronger than when cast 
in the sand. 

It is not easy to lay down any general principles that have to be observed in 
designing dies for aluminium. The best methods of pouring, the arrangement of 
the gates and risers and the methods of ventilating the moulds are all of very 
considerable importance and sometimes require a good deal of experimenting before 
successful dies are made. The making of the dies requires very skilled workman- 
ship and can hardly pay unless a very large number of castings are to be produced. 


It is generally desirable that the die shall not be too cold when the metal is 
poured into it, or in other words, that the chilling effect should not be too sudden. 
It can generally be taken that the opening out of the mould should be made as 
soon as possible after solidification. and the metal is sufficiently cold to resist the 
slight tensile stresses that may be set up in drawing the parts of the mould. 
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To obtain a fine grain in the structure of the material it is only necessary that 
the time that should elapse to reduce the temperature of the metal should not be 
sufficient to allow large crystal growth. If, therefore, the casting is in the die 
sufficiently long to allow complete solidification while at the same time not allowing 
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too great contraction, which would probably cause cracks o1 diaws near the 
gates and risers, the best results are obtained. Under skilled) supervision the 
workers very quickly develop a sense of the amount of time necessary before the 
mould should be opened out. For small die castings there seems no doubt that it 
is undesirable to take molten metal from the actual me'ting furnace, but rather 
to have pots preferably in gas fired furnaces, the temperature of the metal in which 
is kept reasonably constant throughout the day. and which can be supplied with 
molten metal from the melting furnaces. 


It is necessary if a die casting is required of any article, that due considera- 
tion should be given to its design from the point of view of the possibility of 
making the die and also the cores in metal. For example, it has been frequently 
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found practically impossible to make certain types of pistons as die castings. A 
slight modification in the arrangement of the details of the interior of the piston 
would make it possible to produce them in the die. The internal cores of the 
die casting must be withdrawn verv soon after pouring, and if there are many 
pieces, serious difliculties are encountered. 

It is very doubtful whether any piston that has been used up to the present, 
which. because of the peculiarities of its design, could not be made in a die, has 
the slightest advantage over other pistons that have been so designed that they 
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could be cast in a die. Figures 30 to 34 and 62 to 68 are good examples of die 


castings. 


Semi-Die Casting. 


Semi-die casting has been adopted in a number of cases with great success, 
that is, the outside of the casting is simply a metal chill, while the inside is a sand 
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core. This method can be adopted when it is impossible so to design a casting 
as to allow the cores to be sufficiently simple that they can be withdrawn easily 
from the casting, while it is hot. If the sand core is made sufficiently ‘‘ fragile ’” 


Fig. 66. 


in semi-die casting it may not be necessary to remove the casting from the chill 
very quickly, especially if the gates and risers are so arranged that all the contrac- 
tion takes place on to the core. The Hispang piston shown in Figures 32 and 35 
is a good example of a semi-die casting. 


Fig, 64. 
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Hardeners of Rich Alloys. 


In making aluminium alloys, such as for example alloys containing Cu, 
it is generally necessary to make rich alloys, or hardeners as these are frequently 
called by foundrymen, and troubles sometimes met with in the foundry can be 
traced to lack of care in the making of these hardeners. The melting point of 
Cu is about 1,070° C. while that of aluminium is only 655°. The alloy of copper 
and aluminium containing 34 per cent. of copper has the lowest melting point of 
about 540° C. <A hardener containing 50 per cent. of copper and 50 per cent. of 


aluminium is found very convenient for use in practice; its melting point is 
reasonably low, it is fairly brittle and can therefore be easily broken up, and its 
simple composition makes it easy to avoid mistakes in the composition of the 
final alloy. 

Undoubtedly the best method of making the copper-aluminium hardener is to 
melt the copper in a clean pot and add the solid aluminium slowly. As the alloy 
becomes richer in aluminium its melting point is lowered, and it is possible, there- 
fore, for the final temperature to be lower than the melting point of aluminium and 
yet the metal will be sufficiently fluid to allow ingoting to be easily done. 


Fig. 68. 


Copper, iron and nickel, all of which have a melting point higher than 
1,000° C., can be alloyed into aluminium at temperatures well below 1,000° C. 
by stirring rods or soaking small pieces of metal in the molten aluminium. In 
the case of nickel, and probably iron, this is perhaps the best method to use to 
alloy these metals with the aluminium. To melt the iron or nickel and either pour 
in melted aluminium or add the aluminium in the solid form is hardly to be 
recommended. Hardeners of copper-iron-aluminium can be made by a thermit 
process, but great care is required, and the skill necessary to produce a reliable 
product is beyond that of the ordinary furnaceman. A great deal of research is 
required in connection with these alloys, and it is very probable that if they are 
found really suitable for certain purposes foundries will find it better to have the 
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hardeners prepared under laboratory conditions, or else to buy them from those 
who make a speciality of their manufacture. 

Tin, zinc and magnesium should only be alloyed with the aluminium just 
before pouring into the moulds. Magnesium is very inflammable and should be 
plunged quickly below the surface of the molten aluminium by being held in a 
pair of tongs or by other suitable means. Remelting alloys containing magnesium 
does not apparently cause much change in the percentage of this element. The 
alloys of aluminium and magnesium with or without other metals have not been 
fully investigated. A great deal requires to be done, and in this connection the 
association of the foundry and the laboratory is desirable. It is not sufficient to 
produce alloys of which test pieces, giving excellent results in the laboratory, can 
be made. Before these can be effectively used in industry it must be possible to 
produce good castings, and also to make the alloys without risks of failure in the 
foundry. The advantages of simple alloys in this connection have been referred to. 
but it may be that more complicated alloys will be found to have properties much 
more remarkable than those possessed by the simple alloys, and with sufficient 
expert supervision and laboratory control it may be found possible to use the more 
complicated alloys and overcome foundry difficulties both from the points of view 
of alloying and moulding. 


Tests for Aluminium Alloy Castings. 


The strength of aluminium alloy castings depends upon the rate of cooling in 
the mould as well as upon the composition of the alloy. Specimens cut from thin 
parts of castings made of the alloy L5 (see Appendix) may have a tensile strength 
of 14 or 15 tons per square inch, while specimens cut from thick parts may not 
give more than 11 tons per square inch. Specimens that are cast attached to a 
particular casting give very variable results, and at the best can only represent 
some parts of the casting. It is not at all infrequent, due to the difficulties of 
making satisfactory test specimens in this way, for the test piece to give results 
not equal to those demanded by the specification, whereas specimens actually cut 
from the castings themselves, and carefully tested, give results exceeding the 
demands of the specification. Further, specimens in most aluminium alloys cast 
in the sand, cast in a half chill mould, or cast in the chill, may give very variable 
results. It, therefore, soon became apparent that it was necessary to consider 
seriously how best to test the material from which the casting was made. No 
test piece can after al! do other than represent more or less perfectly the quality of 
the metal as it is poured from the melting pot; it cannot represent the quality 
of the casting. To test the material, therefore, is all that is desired. Experience 
showed that much more uniform results could be obtained, which results more 
definitely represented the quality of the material, by casting the test piece in a 
standard chill, 1in. diameter and about 8in. long; specimens could be cast by 
taking the metal from the melting pot just before the mould is poured. It is 
desirable that the chill should not be too cold, and its temperature should not be 
less than, say, 200° C. Small iron ladles, preferably covered with a protective 
coating of silicate of soda and whiting, should be used for pouring the chill 
mould. 

The tensile tests required in the specifications given in the Appendix are to 
be obtained from standard specimens cast in these standard chills. Either screwed 
or collar specimens should be used for aluminium alloy test pieces. Specimens 
tested in the ordinary Vee grips do not give reliable or satisfactory results. As 
an example of this the very bad results obtained from specimens cut from the 
crown of a large piston were brought to my notice. Results obtained by attempting 
to test flat specimens cut from the crown gave less than 4 tons per square inch. 
On cutting small screwed end specimens from the actual test pieces, which had 
only given 4 tons per square inch, and testing them in the axial loading shackles, 
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tensile strengths of 1o tons per square inch were obtained. The specification for 
the alloy only demanded 8 tons per square inch. Experience has shown that as 
long as the virgin aluminium and other materials are sufficiently pure, and have 
been carefully melted, the standard chill specimens do give reliable results as to 
the quality of the material. The only criticism that can be offered to such test 
pieces is that there is no guarantee that the specimens were made from the same 
pot as the casting, unless an inspector is present when every casting is poured and 
every test piece made. ‘This is admittedly a serious difficulty unless the foundries 
can be trusted to act honourably in this matter. I have no hesitation in saying 
that the best firms can be trusted to carry out the intention of the specifications. 


Conclusion. 


In this paper it has been impossible to do more than describe briefly some 
of the results achieved, the difficulties that have been overcome, and to deal with 
the attempts made to determine the important fundamental properties of the 
materials with which, in this new venture of using aluminium alloys, engineers 
have had to deal. The final testing laboratory for. any new development in 
engineering is the all important one of every day work and experience; yet it 
may not unreasonably be claimed that fundamental inquiries undertaken in a 
scientific manner in the laboratory, in this, as in other matters, have been of 
very great assistance. On the other hand, good test results in the laboratory 
are not alone sufficient to indicate the suitability of a material for aeroplane engines. 

An alloy may have all the virtues as far as strength and conductivity are 
concerned, but unless good sound castings can be reasonably easily produced in 
the sand, or die, it will not be of great use for those aeroplane engine parts which 
must be cast. Before, however, proceeding to the expensive operations of 
foundry and engine tests it is desirable that what is required of the alloy should 
be clearly kept in view and its properties exploited in the laboratory. Ultimate 
tensile strength at ordinary temperatures is by no means all that is required to 
indicate the property of an alloy. Its qualities under repetition stresses and at 
various temperatures should be determined and for pistons and cylinders conduc- 
uvity is important. Impurities or new alloying metals considerably affect the 
properties of aluminium alloys. One alloy may be 30 per cent. stronger at 
250° C. than another alloy, but if its conductivity is 30 per cent. less, its working 
temperature as a piston may be higher and the advantage of its increased strength 
at the given temperature may be of no advantage. If a light alloy can be produced 
which has the other necessary physical and foundry qualities while having a 
coefficient of expansion equal to, instead of 24 times, that of steci, it would be 
useful for pistons and cylinders and troubles might possibly be reduced. 

There is vet a great deal to be done in the development of allovs and foundry 
methods in order that strong non-porous castings can be produced and organised 
research in which the laboratory and foundry should co-operate is still required. 

No reference has been made in the paper to aluminium alloys which ean be 
forged or shaped by hot or cold work. These are hardly suitable for crank cases, 
cylinders, and other parts of complicated shapes, but they might be used for 
bolts and nuts and probably for pistons, connecting rods and other parts. 
Pistons might be shaped from forgings, but it is doubtful whether the gain in 
less scrap, etc., would compensate for the extra cost. Alloy connecting rods 
might be possible although the fact that they would require to be of more ample 
proportions than steel rods, would introduce difficulties. In this connection the 
ultimate strengths of these allovs must not be taken as indicating, as for example 
the ultimate strength of mild steel might do, the safe range of stress in the rod. 
Duralumin or the N.P.L. (23+magnesium) alloy rods might possibly be made 
having an ultimate strength of over 30 tons per sq. inch. At 150° C., however, 
the range of repetition stress must not, for safety, be more than +7.5 tons divided 


November, 1919] THE AERONAUTICAL JOURNAL 601 


by some factor of safety. Alloys of 92 to 94 per cent. of aluminium and 6 to 
8 per cent. of magnesium also give promise of success for connecting rods. 
Research, however, is required and this can be best carried out by first having 
single unit engines specially designed for carrying out long endurance tests. 


My very sincere personal thanks, and I venture to suggest the thanks of the 
members of the Aéronautical Society, are due to Brigadier-General Weir for 
permission to publish much of the material contained in this Paper, to Lieutenant- 
Colonel Jenkin and to Messrs. Willans and Robinson, of Rugby, the Birmingham 
Aluminium Casting Co., Messrs. G. and J. Weir, of Cathcart, Messrs. Wolseley 
Motors, Ltd., Messrs. Austin Motors, Ltd., Messrs. Siddeley Deasey, of Coventry, 
and the Superintendent of the R.A.E., Farnborough, for information willingly 
given and for photographs and drawings which have made it possible to fully 
illustrate this paper. Also I desire to express my thanks to Mr. E. Coupland, 
Mr. L. J. Wills, Mr. J. G. Arthur, and Mr. J. L. S. Roberts for their enthusiastic 
assistance in carrying out the experimental work referred to in the paper. 


APPENDIX I. 


Aluminium alloy cylinders have been cast in- 
(1) 12% copper, 88° aluminium. 
(2) 12% copper, 1% manganese, 879% aluminium. 
(3) 894 copper, 196 manganese, 91% aluminium. 
(4) 7% copper, 1% tin, 1% zinc, 91% aluminium. 
(5) 9% copper, 2% tin, 2% zinc, 87% aluminium. 
(6) 10% copper, 14% tin. 
(7) 1094 copper. 
(8) 4% copper, 2% tron, .5°%% magnesium. 


The principal difficulty experienced with nearly all these mixes was drawing 
in the castings and porosity when tested under the hydraulic test. Some good 
cylinders were cast in all these alloys, but the general result indicated that the 
best results were obtained with an alloy containing 10% copper, with or without 
from 1% to 2% tin. As a general result of the experience then obtained, and 
also of subsequent experience, there seems little doubt that good castings can be 
made in an alloy containing anything from 6% to 12° copper, with or without 
the addition of 1% tin. It is not clear that tin is an essential, but most foundry 
managers appear to think that the addition of 1% to 2% gives an additional 
fluidity to the material. 


APPENDIX II. 
AIR FORCE SPECIFICATION FOR ALUMINIUM ALLOY CASTINGS. 
SUITABLE FOR CRANK Cases AND GENERAL USE. 
The specific gravity of this alloy is 3.0. 


1. Quality of Material.-The aluminium used for making this alloy is to 
assay not less than 98 per cent. 

‘he copper used for making this alloy is to assay not less than 99.3 per cent. 

Th 1f king th lloy is t y not less th 3 | t 

The zine used for making this alloy is to be of the best quality. 

The alloy is te consist of :— 
Zinc, not less than 12.5 per cent. or more than 14.5 per cent. 
Copper _,, 2: 
Aluminium, remainder. 


to 


wn 
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Impurities— 
Lead, not more than o.1 per cent. 
Silicon ,, 1.0 


2. Chemical Tests.—Samples of the aluminium, zinc and copper, and of the 
castings, may be selected by the Inspector at the Contractor’s expense for 
chemical analysis, which will be made at the expense of the Government. Should 
the analysis show that the composition of the material is not within the limits 
specified in clause 1, the articles represented by the samples may be rejected. 

3. Dimensions.—The castings are to be accurately in accordance with the 
drawings, and sufticient allowance is to be made to enable them to be machined 
where required to the finished dimensions without leaving witness of the cast 
surface. 

4. Freedom from Defect.—The castings are to be clean, sound, and free 
from blow-holes. They are to be capable of being machined satisfactorily and 
taking a good finish. 

Patching.—No patching, plugging, or welding will be allowed unless previous 
permission in writing has been obtained from the Inspector ; such permission will 
only be given when the defects to be patched are small and do not affect the 
strength of the casting. 

Any casting may be rejected for faults of manufacture or incorrectness of 
dimensions at any time, notwithstanding that it has been previously passed as 
complying with this specification by analysis and physical tests. 

5. Mechanical Tests.—The metal is to comply with the following tests, 
which are to be carried out by the Contractor at his works in the presence of the 
Inspector and to his satisfaction. 

Tensile Test.—Test pieces turned to the dimensions of British Standard test 
piece, from sample pieces cast as specified in clause 6, must give the following 
results :— 

Ultimate strength not less than 11 tons per square inch. 
Elongation 4 per cent. 

The test pieces are not to be annealed, hammered, or otherwise treated before 
they are tested. 

The ultimate strength of this alloy should be over 12 tons per square inch, 
and the alloy will not be considered first rate till this strength is attained. 

6. Provision of Test Samples.—At least one sample is to be cast to represent 
each crank case or other large casting. The number of samples for small castings 
is to be settled by the Inspector, so that all the alloy used is tested. The samples 
are to be cast from the same ladle as the castings and are to be poured first. 

The samples are to be 1in. in diameter and from 7in. to gin. long. They are 
to be cast in iron chills which have been heated before they are filled. The 
bottom of the chill is to be closed with a clay or sand plug, not with a metal 
end. 

7. Marking.—All castings accepted by the Inspector are to be marked as 
he may direct. 

8. Rejections.—All castings rejected by the Inspector are to be broken up 
or marked for identification to the satisfaction of the Inspector, and are not to be 
tendered again to any Government Department without giving written information 
to that Department or their Inspector concerning the previous rejection. 


g. Inspection.—The Contractor is not to supply any castings which have 
been previously rejected by any Government Inspection Department without giving 
written information to the Inspector about the previous rejection. The Inspector 
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is to have free access to the works of the Contractor at all reasonable times; he 
is to be at liberty to inspect the manufacture at any stage and to reject any 
material that does not conform to the terms of this specification. 

10. Facilities.—Vhe Contractor is to supply the material required for testing 
without additional charge, and at his own cost furnish and prepare the necessary 
test pieces, and supply labour and appliances for such inspection and testing as 
may be carried out on his premises in accordance with this specification. Failing 
approved facilities at his own works for making the prescribed tests, the 
Contractor is to bear the cost of carrying out the tests elsewhere. 


SPECIFICATION FOR 12% COPPER-ALUMINIUM ALLOY CASTINGS. 
The specific gravily of this alloy is between 2.83 and 2.94. 


1. Quality of Material.—(a) The aluminium used for making this alloy is to 
assay not less than 98 per cent. 
(b) The copper used for making this alloy is to assay not less than 99.3 per 
cent. 

(c) The alloy is to consist of :— 
Copper, not less than 11 per cent. or more than 13 per cent. 
Aluminium, remainder. 

(d) Impurities— 
Zinc, not more than o.1 per cent. 


Silicon ,, 1.0 
Iron 9 ” 1.0 ” 


6. Mechanical Tests.—(a) The metal is to comply with the following tests, 
which are to be carried out in the presence of the Inspector and to his satisfaction. 

(b) Tensile Test.—Test pieces turned to the dimensions of British Standard 
test piece, from sample pieces cast as specified in clause 6 (same as that of above 
specification), must give the following result :— 

Ultimate stress not less than 9g tons per square inch. 

(c) The test pieces are not to be annealed, hammered, or otherwise treated 

before they are tested. 


SPECIFICATION FOR ALUMINIUM ALLOY CASTINGS. 
The specific gravity of this alloy is 2.95. 


1. Quality of Material.—(a) The aluminium used for making this alloy is to 
assay not less than 98 per cent. 
(b) The copper used for making this alloy is to assay not less than 99.3 per 
cent. 
(c) The alloy is to consist of :— 
Copper, not less than 9.0 per cent. or more than 11.0 per cent. 
Tin ” 0.5 1.5 ” 
Aluminium, remainder. 
(d) Impurities— 
Lead, not more than o.1 per cent. 


| 
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2. Chemical Tests.—Samples of the aluminium, tin and copper, and of the 
castings, may be selected by the Inspector at the Contractor’s expense for 
chemical analysis, which will be made at the expense of the Government. Should 
the analysis show that the composition of the material is not within the limits 
specified in clause 1, the articles represented by the samples may be rejected. 

5. Mechanical Tests.—(a) The metal is to comply with the following tests, 
which are to be carried out in the presence of the Inspector and to his satisfaction. 

(b) Tensile Test.—Test pieces turned to the dimensions of British Standard 
test piece, from sample pieces cast as specified in clause 6 (same as that of above 
specification), must give the following result :— 

Ultimate strength not less than 9 tons per square inch. 

(c) The test pieces are not to be annealed, hammered, or otherwise treated 
before they are tested. 

7. Hydraulic Test.—(a) All cylinder castings and others which are required 
to be tight are to be tested for porosity by means of water, methylated spirits or 
petrol. The test is to be carried out in an improved manner to the satisfaction of 
-the Inspector. 

(b) Castings which have been tested are to be marked to show the result of 
this test as the Inspector may direct. All castings which in the opinion of the 
Inspector are too porous for use will be rejected. Castings which are only slightly 
porous will be accepted subject to their proving tight after subsequent doping. 

8. Doping.—(a) Doping may be carried out by the Contractor or at the 
machine shop as may be arranged. If the Contractor dopes the castings he is to 
do so in an approved manner to the satisfaction of the Inspector. 


SPECIFICATION FOR 7:1: ALUMINIUM ALLOY CASTINGS. 
The specific gravity of this alloy is between 2.87 and 2.93. 


1. Quality of Material.—(a) The aluminium used for making this alloy is to 
assay not less than 08 per cent. 
(b) The copper used for making this alloy is to assay not less than 99.3 per 
cent. 
(c) The alloy is to consist of :— 
Copper, not less than 6.0 per cent. or more than 8.0 per cent. 
Aluminium, remainder. 
(d) Impurities— 
Lead, not more than o.1 per cent. 


Silicon ,, 1.0 


5. Mechanical Tests.—(a) The metal is to comply with the following tests, 
which are to be carried out in the presence of the Inspector and to his satisfaction. 

(b) Tensile Test.—Test pieces turned to the dimensions of British Standard 
test piece, from sample pieces cast as specified in clause 6 (same as that of above 
specification), must give the following result :— 

Ultimate stress not less than 8 tons per square inch. 

(c) The test pieces are not to be annealed, hammered, or otherwise treated 

before they are tested. 
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APPENDIX III. 
ANALYSES OF CASTINGS. 


CRANK CASE ALLOoy. 
Copper ... 266 per cent. 


ANALYSES OF SUNBEAM ARAB (10 Cu., 1} Tin) CyLINDERs. 


Copper aes ... 9.97 to 12.04—1I.95 per cent. 
Iron .62 ,, 1.01— .69 


Strength at 250° C. chill cast at more than g tons per square inch. 


IEXPERIMENTAL ARAB CYLINDERS. 


This gave 7.76 per square inch and 2.5 per cent. elongation. 


TYPICAL EXAMPLE OF ANALYSIS FOR 12 PER CENT. COPPER PISTONS, 


Sanp Cast. 


ANALYSIS OF HiIsSPANO SuIzA JACKET. 


Hispano Suiza CRANK CASE. 


LyNITE PISTON. 


Copper ... ... 8.96 per cent. 


The piston was clean sound casting, and showed no porosity at a 
pressure of 1,o0olbs. per square inch. 


— 
| 
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B.H.P. Castine 1x Zinc ALLoy (DISCARDED). 


Copper 
Zinc 

Iron 
Silicon 
Aluminium 


Copper 
Tin and Lead 
Iron 

Zinc 
Manganese 
Magnesium 
Silicon 


AERONAUTICAL 


Benz 
Piston. 


Trace 


31 


JOURNAL 


2.05 per cent. 
11.35 

.66 

{22 
85.72 


[November, 1919 


Benz Piston Alloy made 


at Birmingham. 
Gi. (G2: 
5-44 5-58 
Nil Nil 
1.41 1.47 
[2.27 12.34 
Trace Trace 
Trace Trace 

31 31 


The strength of Gr at 300° C. was 4.08 tons per square inch. 
At ordinary temperatures 13.91 tons per square inch. 


Copper 
Silicon 
Iron 
Aluminium 
Nickel 
Arsenic 
Zinc 
Silicon 


THE THERMAL CONDUCTIVITY OF 


CLERGET PISTON. 


APPENDIX IV. 


ALUMINIUM 


11.63 per cent. 


5-39 
-46 
81.30 
QI 
Nil 
Nil 


ALLOYS. 


The absolute coefficient of thermal conductivity of Ingot Aluminium may be 
taken as approximating to 0.50, but it varies very considerably in different 


samples. 


Dr. Ezer Griffiths obtained from two samples the following values for 


the density and mean thermal conductivity between 1.15° and 350° C. :— 


ANALYSES OF ALUMINIUM. 


At by 
Si. Fe. Cu. Zn. 
(1) 0.21 0.27 0.10 Trace 99-42 2.569 
(2) 0.14 0.38 Trace —- ag. 48 2.70 


Mean Thermal 


difference. Density. Conductivity. 


0.442 
0.497 


The difference in conductivity indicated by the difference in density may be 


due to fine pores in the less dense specimen. 


The absolute thermal conductivity of alloys of aluminium shows, however, a 


6.02 
1.4 
Nil 
| 
| 
| 
| 
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much greater variation, and is very much affected in certain alloys by annealing, 
as the following table shows : 


Analysis (per cent.). Thermal Conductivity. 
Without After 

Cu, Mn. Sno Zn, annealing. annealing. 

7: 1. I. gl. 0.35 to 10: 
0.40 0.40 

ia. i. 85. 0.24 to 0.33 to 
0.295 0. 38 

7.91 Fe .82 -35 .40 to 
2 

8.18 Ie .82 34 to .38 to 
-36 39 
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PROCEEDINGS. 


FOURTEENTH MEETING, 54th SESSION. 


The Fourteenth Meeting of the Session was held in the Theatre of the Koyal 
Society of Arts on Wednesday, April 16th, Lieutenant-Colonel C. F. Jenkin 
presiding. 


The CHairMAN said they were met there to hear a paper by Prof. Lea on the 
aluminium alloys. Aluminium and steel were the most important metals at 
present used in aircraft construction. On both much new knowledge had been 
arrived at by researches and by practice during the war, but that was particularly 
true of aluminium. At the beginning of the wag there was comparatively little 
accurate knowledge of aluminium and its allovs. A committee was formed very 
early in the war to investigate the subject, to collect the existing knowledge, and 
to make further researches in the matters which required investigation. Prof. 
Lea was one of the original members of that committee, he had carried out a 
great deal of research work in the engineering laboratory in the University of 
Birmingham and had also visited most of the important aluminium foundries in 
the country during the war, giving them tips and investigating the principal diffi- 
culties. He (the Chairman) therefore had no hesitation in saying he had more 
knowledge on the subject, both on the practical and theoretical sides, than 
anybody else in the country. 


Prof. F.C. Lea said he must disclaim the pre-eminence with which 
the Chairman had credited him. Either the chairman of the committee Colonel 
Jenkin had referred to (Sir Henry Fowler) or the vice-chairman (Colonel Jenkin) 
could have been in the position he occupied, instead of himself, and other members 
of the committee also could have given as much information as he could give. 
There might, however, be some members present who were not such experts, and 
to whom it might be his duty to try and make clear some of the things that had 
been done, and leave it to the discussion to say what might be done in future. 
He then delivered his lecture. 


DISCUSSION. 


The CHairMAN said Prof. Lea had been obliged, in the abstract of the lecture 
which he had read, to omit many of the interesting points which he had been 
specially investigating. The burning of the pistons was one of the problems 
by which they were still puzzled and experiments were still going on in connection 
with it. With regard to fatigue stresses—the fatigue ranges of the alloys—it 
was pretty certain that the most important factor in the life of the metal would 
turn out to be the fatigue range for all parts of the engines which were subject to 
alternating stresses, and Prof. Lea was in the middle of an interesting series of 
tests on that point. One of the points in which he (the Chairman) had been 
specially interested was the rigiditv of the crank cases. They made two very 
interesting investigations on that subject during the war—Prof. Lea made one 
and Major Robertson the other—measuring the actual distortion of the crank 
cases under applied couples. Torsional and bending distortion were measured, 
and the difference in the amount of distortion in the two crank cases, the Hispano 
and the Sunbeam, was very marked. One was six times as flexible as the other. 
In engines running with the large forees existing in these engines the importance 
of having rigid crank cases was very great. The lecturer also referred to the 
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shrinking of the steel liners into the aluminium cylinders... He (the Chairman) 
showed in a paper on the subject, which was quite elementary, that a certain 
ratio had to exist between the thickness of the steel and the thickness of the 
aluminium to get the best results. If the relation between the two thicknesses 
was not maintained one of two things happened; if a lining with sufficient negative 
clearance (as Prof. Lea called it) to make sure it was a tight fit when the cylinder 
was hot were put in, a big stress went into the aluminium when it cooled down 
again and the aluminium stretched, and it slacked again the next time it was 
heated. The design would have to be altered, and designs were being prepared 
in which that difficulty was being got over by not putting a steel liner into an 
aluminium cylinder. 


Sir Henry Fow er said he was proud of the fact that he was the first 
chairman of the Light Alloys Sub-Committee. This committee was the natural 
result of the work which was being carried out by the Admiralty under their 
Chairman, by the National Physical Laboratory under Dr. Rosenhain, and at the 
then Royal Aircraft Factory at Farnborough. He believed very good work had 
been done as the committee was composed of men of eminence and enthusiastic 
in the work they were carrying out. Few advances made during the war could 
be compared with those which had been made with regard to aluminium in 
investigation and application. There was scope for a whole series of lectures 
on the subject, and he trusted that at least Dr. Rosenhain, Dr. Gibson and Dr. 
Edwards would be willing to give lectures on the various phases, so that the 
investigations which they and their present lecturer, Dr. Lea, had carried out 
might be placed at the disposal of the country and the whole of the manufacturing 
interests. One of the very first points to be considered was the question of 
burnt pistons, which had been a trouble not only in this country but also in the 
United States, where they could give no absolute reason for the difficulties which 
arose. He would like to call attention to the piston which Dr. Gibson had 
brought out, as he thought sufficient advantage had not been taken of it. The 
pistons shown by the lecturer were all ribbed. In Dr. Gibson’s design (which 
he drew on the blackboard) the right amount of metal for proper heat flow from 
the head down to the skirt was arranged for. There was a great scope for pistons 
of this type, and for any size, properly designed in this manner. It was also 
much easier to get a proper die casting when made in this shape as compared 
with the intricate ribs often introduced, which were in some cases so complicated 
that a die casting was an impossibility. He thought Dr. Rosenhain would agree 
with him that they had had vigorous discussion at various times on the question 
of the conductivity of the various aluminium alloys, particularly for cylinders. 
The result had been that it was found that for strength purposes one had to have 
so much metal that there was plenty of area for heat to get down and away, 
whatever the conductivity, with certain reasonable limits. Investigations had 
been carried out with regard to the use of aluminium cylinders for stationary 
aeronautical engines, and Dr. Edwards had done a great deal of work on these 
alloys and on the electric deposition of an iron lining to aluminium cylinders. 
When the matter was thoroughly thrashed out one found that to have the cylinder 
strong enough to bolt down satisfactorily gave something heavier than the use 
of a steel liner with aluminium casing shrunk on. Dealing with the foundry ques- 
tion, unfortunately many people who started aluminium casting thought that once 
things were got right, supervision in the foundry itself could be somewhat eased 
off. In using aluminium in the foundry, constant and repeated care was neces- 
sary to see that the required temperatures, etc., were maintained. When 
working with a dozen diiferent alloys, alike in appearance and weight so far as 
the eve and hand are concerned, constant supervision was necessary, as some 
moulders thought that there was only one type of aluminium and in order to 
make up a pot or cool it down they would put in anv scrap that was handy. The 
matter of detection was afterwards one of great difficulty. 
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Mr. Carry HI said, as one of the founders who had been working on many 
of the castings of which the lecturer had spoken, he wished to express the 
indebtedness all founders felt for the work Prof. Lea had done during the war 
in the investigation of the peculiarities of different alloys, with the result that 
they had been guided in their work and improved their castings. Prof. Lea 
mentioned alloys containing 2 to 3 per cent. of copper and 1o to 14 per cent. of 
zinc as probably being most suitable for crank cases of aeroplane engines, and 
he alluded to the work done by Dr. Rosenhain and other members of the Light 
Alloys Sub-Committee in developing such alloys. Such alloys were used for years 
before the war. In the foundry with which he was connected they used allov 
of 24 per cent. copper and 10 per cent. zinc. He could trace it back 12 years, 
and before that the British Aluminium Company had standardised it. But the 
information was not based on any deep scientific knowledge such as that on which 
it was now based, and they had to thank the scientific investigations of the last 
three years for knowing that that alloy was one of the most useful for castings of 
that nature. The lecturer said that the temperature of the aluminium in the tests 
of air-cooled cylinders of the R.A.E. engines under running conditions varied from 
a minimum of 268 deg. He would have liked Prof. Lea to have elaborated on 
what conclusions were drawn from those figures. The minimum figures were 
practically the same, and the maximum showed the aluminium reached a higher 
temperature than the iron. The cracks in the short portion of the aluminium 
cylinders and across the dome, in the Puma engines, were referred to by the 
lecturer, who suggested that those cracks in many cases were due to the insertion 
of the steel liner, which was screwed in. He (Mr. Hill) suggested that those 
cracks might in many cases be due to another cause—a cause which Prof. Lea, 
later on in his remarks on another cylinder, suggested as applying to another 
form—namely, the use of chills. The cvlinder heads were cast in blocks-of three 
and the circular cylinders joined up together. At the points where they joined 
there was considerably thicker metal than at other points, and it was difficult to 
make castings giving uniform density of metal at the thick parts and at the other 
parts. The chills were introduced to give uniform rate of cooling, and no doubt 
the chills were often too heavy, with the result that uneven strains were set up 
during solidification. These uneven strains, or unequal size of crystal formation, 
might have caused the cracks. Designers should remember that aluminium 
castings should be of as uniform thickness as possible. The junction of the thick 
and thin places might be made as sound as other parts provided the places were 
accessible in the mould, but sometimes they were not accessible and then there 
were severe difficulties. In that case they could not get metal to feed them to 
compensate for the contraction that took place during cooling. With regard to 
fatigue, to say the cylinder jackets were shrunk on was not, perhaps, correct. 
The liners were shrunk into the cylinders, the cylinders were heated and the liners 
inserted, and, in cooling, the jacket shrunk to the liner. In running conditions 
the whole engine was heated, the reverse action took place, and as it cooled the 
jacket shrank again on to the liner, when the fatigue took place. How often 
would that be repeated before permanent enlargement of the jacket took place; 
how far would enlargement also take place, due to permanent growth from the 
repeated heating, apart from the fact of the stretching of the jacket on the liner 
as the casting cooled? The same question of uneven thickness applied to pistons, 
whether they were sand or die cast, and he had known die cast pistons cause 
severe trouble. It was encountered in the BR2 piston, owing to the very thick 
metal on the head of the gudgeon pin bosses. This was joined up to the crown. 
There was a thick rim of metal there, and it was not possible to introduce metal 
to feed that part, consequently great difficulty was experienced. He would be 
interested to know how that was overcome. Prof. Lea said he thought that 
pistons in engines under running conditions might occasionally be working at 
80 deg. to 100 deg. above the temperature of the cylinder. He (Mr. Hill) did 
not know how the temperature of a piston was taken under running conditions. 
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It must be very difhcult. He would like to appeal to everybody in the aeroplane 
or motor car industry to bear in mind Sir Henry Fowler’s remark as to the 
probability of the moulder or fettler or furnaceman putting pieces of wrong metal 
in the pot. One could not have a separate foundry for each aluminium alloy, 
and the cure for the danger referred to was to keep the number of alloys used 
down to a minimum—say two or three. Then it was easy for the founder to 
keep them moderately separate. 


Dr. W. RosenwAIn said he joined issue a little with the initial remarks of 
the Chairman as to the ignorance of aluminium alloys before the war. It existed, 
but only because those concerned with aluminium manufacture had not taken the 
trouble to make themselves familiar with the results of research work which had 
already been done. The alloy L5, the 12) per cent. zinc and 2 per cent. copper, 
for instance, was not evolved since the war. The scientific work on which the 
specification for Ls was based was published in 1912. Three alloy research 
reports dealing with aluminium alloys had been published in 1912, but he under- 
stood they did not carry the work to anything like the point to which it had been 
carried since, and they did not deal with those practical difficulties which Prof. 
Lea’s work had done so much to master and to render practicable many develop- 
ments of the use of aluminium alloys in aeroplane engines. That was an achieve- 
ment which was largely Prof. Lea’s own. There were two or three possibilities 
worth considering in regard to the aluminium cylinders. One was to use a liner 
split in one or more places, so that it could shrink and expand with the aluminium 
alloy to which it was attached, instead of opposing a force of more or less unknown 
magnitude; a second was to use a liner of an alloy having a considerably higher 
coefficient of expansion than steel. Certain bronzes suggested themselves as they 
came nearly half way between the two. A third possibility was the use of an 
aluminium cylinder without a liner of any kind, not even an electro-deposited 
liner of iron, steel or nickel. He thought that possible, when the aluminium 
founders got over some of their prejudices against alloys to which they were not 
accustomed. It was a natural prejudice however. One was told that a new 
alloy could not be cast, but progress depended upon learning how. But the 
designer was largely responsible for the difficulties. Take the question of the 
burning of pistons. He thought it was largely due to the fact that the alloy was 
not the best for pistons, but had been used because it could easily be cast and 
there was not so much danger of mixing it up with other things. One cause of 
the trouble might have been that the alloy was at the high temperature to which 
the piston rose, and the surface lavers were not strong enough to resist the high 
reciprocating stresses to which that part of the metal was exposed. Possibly 
there were other parts of aeroplane engines beside the cylinder and the piston 
and crank case and oil well which might be made of aluminium alloys. The bolts 
and nuts were universally made of steel at present, because there was a steel 
liner, and it was an advantage to have a steel or equivalent object to screw on to 
it, but even with a steel liner one had to clamp or hold it to an aluminium alloy 
crank case and to do that did not seem reasonable or logical, seeing that aluminium 
alloys were now available in the wrought condition. Those alloys had tensile 
strengths ranging up to 4o tons per square inch, and the possibility of using them 
for bolts and nuts should be carefully considered. One might go further and 
think the day might come when connecting rods and possibly crankshafts might 
be made of light allov. The connecting rod was an experimental possibility to-day, 
but he did not think the crankshaft was vet. None the less, it had to be kept 
before them. Colonel Jenkin remarked a few weeks ago that if anvone had 
suggested an aluminium piston to him at the beginning of the war he would have 
regarded it as a joke. He (Dr. Rosenhain) suggested it quite early, but Colonel 
Jenkin was polite enough not to say he regarded it as a joke at the time. - The 
summary of the lecture that had been read conveyed the impression to his mind 
that most of the troubles were due to the want of adaptation of material and 
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design to each other. If that lesson were appreciated a large amount of good 
would have been done by a lecture such as that. There was an enormous mass 
of material for further lectures on the subject. The National Physical Laboratory 
contributed over a hundred reports and memoranda to the Proceedings of the 
Light Alloys Committee, and he would not like to say how many were contributed 
by Prof. Lea and others. That vast mass of material had to be worked up, 
digested and put into publishable form. The National Physical Laboratory were 
working hard on the same, and they hoped to add another to the series of alloys 
research reports which the Institution of Mechanical Engineers had published for 
a number of years past. 


Mr. R. L. Howard FLanpers asked whether an analysis of the alloy of the 
burnt pistons showed that the constituent parts of the alloy were separated out? 
Did the zinc burn out, for instance? In cases of burnt pistons he had come 
across, the analysis just round the burn showed an alloy which was nothing like 
the alloy specified, though further from the burn the alloy was reasonable. The 
burns took place at the head, and the analysis showed that the alloy near the burn 
was low in copper. 


Mr. E. WortHInGTon said some of the difficulties Prof. Lea had encountered 
were the same as locomotive engineers had found in adapting the expansion of 
one part of a casting to the less expansion of another part. Frequently liners put 
into large cylinders for locomotives were attached to one end and slid like a sleeve 
at the other, without putting any strain on the enveloping casting. Would it 
not be worth while getting into the confidence of some of those old practical 
designers who had experience of steam troubles in the past? With regard to 
the subject of the difference of expansion, the range of temperature from high 
pressure steam to the exhaust steam was well known, and probably the range of 
temperature from a luminous explosion to a possibly very cold exhaust with a 
large amount of expansion might be considerably greater than with steam. 


Mr. Arcurutr complimented Prof. Lea upon his lecture, which he said 
showed what a tremendous lot of work had been done during the war, and what 
great difficulties had been encountered. 


Prof. MARGETSON said he thought that the time of the meeting would be 
better spent by giving the lecturer a longer time to reply than by listening to any 
criticisms he (Prof. Margetson) could make. 


The CHarRMAN said the lecture was being printed in full. A series of reports 
was being prepared and the papers which had been presented to the Light Alloys 
Sub-Committee were being put in order, and would be printed by the Advisory 
Committee for Aeronautics. In the report of the work of the section in which 
he was interested, and which dealt with all the materials of construction, he was 
summarising the useful results arrived at during the war, and he hoped it would 
only be a matter of months before it was published. He was familiar with the 
reports to which Dr. Rosenhain referred, but he thought they dealt chiefly with 
the wrought alloys, which were not the subject of the lecture, and they did not 
contain sufficient information to enable one to go upon during the war. But they 
were a beginning and were of great value. 


The Lecturer, replying to the discussion, said he apologised for the fact 
that the printed copies of the lecture were not ready, which he had no doubt was 
his fault, and also for the rather scrappy way in which the lecture had been 
presented, which was due to the impossibility of dealing with the subject adequately 
in one lecture. He thought that a tremendous debt of gratitude was due to the 
Chairman for the clear-sighted policy he pursued in keeping alloys simple in the 
foundries—the importance of which was urged by Mr. Carey Hill. The Chairman 
had adopted the view that the point of view of production was the one to be first 
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thought of during the war. He would not budge from that point of view, no 
matter how good people said their alloys were. But peace had now come, and 
there was an opportunity to find out alloys suited to particular purposes. He said 
in the lecture that the burning of the pistons might possibly be overcome, as Dr. 
Rosenhain suggested, by using an alloy with less eutectic in its composition. The 
real history of it would never be learnt by trying to discover it after the act had 
been performed. Engines must be made specially, keeping to certain alloys for 
the time being, and the conditions of temperature controlled, and note must be 
taken of the temperature conditions obtaining when the phenomena took place. 
Perhaps Mr. Worthington could persuade the Institution of Mechanical Engineers 
to provide the money for such an important research. ‘These experiments would 
enable them to approach the other question, as to what alloy would prevent the 
possibility of its taking place under those conditions. One of the most: important 
things done during the last few years was the taking of extra care by founders 
in regulating their temperatures and controlling their scrap, and designers had 
appreciated the important point of not making too great demands upon the 
foundry. As Mr. Carey Hill said, the changes in thickness should be made as 
small as possible. He had seen an engine, the cylinder of which was made of 
an aluminium alloy, which was run 20 hours without a liner. It was in pretty 
gooc condition, but he was afraid they could not expect such good results under 
everyday working conditions. It was possible that an alloy would be developed 
that could be used without liners, but he was not very hopeful. In the case of a 
locomotive where a liner was put into a cast iron cylinder, the condition was 
somewhat different from what it was in the case of the aluminium alloy cylinder, 
in which the liner had a coefficient of expansion represented by 1 and the cylinder 
a coefficient of expansion of 2.6. 


Votes of thanks were accorded the Lecturer and the Chairman. 


REVIEW. 


A Valuable Text Book on Stress Work.” 

The design of successtul aircraft involves avoiding the use of structural parts 
which are stronger and consequently heavier than is absolutely necessary, and 
also involves the use of struts which are of very small diameter for their length 
and beams which are very shallow for their span. None of these three considera- 
tions occurs to any extent in any other branch of structural engineering. 

As a consequence, the theory of stress calculation has had to be drastically 
re-written for the use of the aeronautical engineer. The first point involves an 
enormous amount of attention being devoted to the stressing of detail parts, but 
involves no ideas new to engineering. The second point, however, has resulted 
in a great deal of physical and mathematical research, culminating in such 
methods as the Fairey self-strained strut and the work of Southwell and others on 
tubular steel struts. The third point is of such importance in aeronautics that it has 
resulted in still greater departures from previous engineering practice, including, 
for instance, the complicated processes which have to be used instead of the old 
theorem of three moments. 


A text book on aircraft stress work, therefore, if it is to be of use to the 
advanced practitioner of the science and also to the student, should be a compre- 
hensive whole embodying such old engineering formulz as are used in the new 
science and the whole of the new work. Further, owing to the great difficulty of 


* “ Aeroplane Structures.” A. J. S. Pippard and J. L. Pritchard. 1919.1 London : Longmans, 
Green and Co. Roy. oct. pp. 359. 2Is. 
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some of the mathematics involved, such a text book should reduce these to 
workable formulze or, where this is not possible, to workable methods of 
computation. 

In the*book under review, Messrs. Pippard and Pritchard have succeeded 
notably in this difficult enterprise and have turned out what is at the same time a’ 
text book for the student and a hand book for the designer. 


The first few chapters contain the necessary preliminary and descriptive work 
aud, roughly speaking, cover elementary aircraft work and standard 
engineering methods as are used bodily in aircraft. Then follows a more 
specialised consideration of the forces coming on the various parts of the machine 
under ditterent circumstances. These chapters (XI. to XV.) are of great importance ; 
they are very well thought out and completely cover the ground, so that it is 
difficult to see in what way they could be bettered. 


Chapter X., on the aircraft beam, is a masterly treatment of a really difficult 
subject. On the whole the authors have succeeded in making the subject clear 
and as simple as possible, but they have not always made it quite clear just why 
the more elementary methods have to be replaced by more complex processes as 
a final check on the safety of a design. For instance they might have stated that 
the utility of the methods of § g2 is detracted from by the fact that the length between 
the points of contratlexure increases under the influence of the instability due to 
a compression in the beam, and it is for this reason that the more advanced 
methods of § go are advocated for a final check. 

Chapter XVIII., on the aircraft strut, isan exhaustive collection of information 
on the subject, and until further research is carried out there would appear to be 
nething to add to it. A mathematical investigation of the Fairey self-strained strut, 
for instance, would be of much interest and might yield valuable advances in 
weight-saving. 

The authors have devoted three chapters to design in its relation to stress 
work. These contain some very level-headed and useful comments and advice, 
but cannot be considered in any way exhaustive; notably in their discussion of 
fitting design the authors only touch the fringe of a very big subject. These 
chapters do not pretend, of course, to be a complete treatise on the subject, as 
that would require a section of the book devoted to design in its relation to stress, 
stability and performance. 

The book contains appendices which should reduce the necessity of reference 
to other authorities to a minimum, and a very good account of the use of tests in 
verifying design. There is also a discussion of the principle of least work which, 
as is stated, will be of increasing importance in the future (it may be remarked in 
passing that the authors constantly keep in view the advent of the machine of the 
future, perhaps built of different materials and perhaps of very large size). 
Presumably we may look for a considerable extension of this subject in future 
editions. Another subject which should be included in future editions it space 
can be found for it is s‘rength of hulls and floats, since certain of the problems 
presented by this subject require different treatment from any included in the 
present volume. 

Finality has not yet been reached in the science of aircraft stress calculation, and 
future progress will doubtless call for the issue of a revised and expanded edition 
in due course, but the great advances made in the last few years and the necessity 
for providing a good text book for university and other students amply justify the 
issue of this book at the present time. 

In conclusion the treatise under review can be heartily recommended both to 
the student and the designer, neither of whom is likely to get anything better 
suited to his requirements for some time to come. 

Harris Boornu. 


